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Oligonucleotide  therapy  is  a  promising  approach  for  the  treatment  of  a  variety  of 

disorders.  A  factor  limiting  the  therapeutic  effect  of  oligonucleotides  is  their  inefficient 

transport  to  the  cytoplasm  or  nucleus.  Most  oligonucleotides  with  or  without  a  delivery 

system  enter  cells  by  endocytosis.  Initially  they  accumulate  in  endosomes  which  are 

intracellular  compartments  with  acidic  intraluminal  pH.  In  time,  the  endosomes  mature 

into  lysosomes  and  oligonucleotides  are  eliminated.  Consequently,  the  development  of  a 

delivery  system  that  increases  oligonucleotide  transfer  from  endosome  to  cytoplasm  is 

essential.  Biodegradable  pH-sensitive  surfactants  (BPS)  were  therefore  designed  to 

enhance  liposome  mediated  oligonucleotide  delivery.  BPS  are  a  unique  family  of  easily 

metaboUzed  compounds  that  demonstrate  pH-dependent  surface  activity.  Through 

simple  and  fast  chemical  reactions,  three  BPS,  dodecyl  2-(l  '-imidazolyl)  propionate 

(DIP),  methyl  1 -imidazolyl  laureate  (MIL),  and  N-dodecyl  imidazole  (DI),  were 
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synthesized  for  use  in  subsequent  studies.  Critical  micelle  concentration  and  effective 
release  ratio  of  the  ionized  BPS  were  determined  to  identify  their  surface  active 
properties.  Surfactant  like  behaviors  of  BPS  in  a  pH-dependent  manner  were  then 
assessed.  Also,  several  physicochemical  parameters  of  BPS  were  measured  and 
compared  including  chemical  stability,  biodegradability,  and  cytotoxicity.  Utilizing  an  in 
vitro  model  and  confocal  microscopy,  liposomes  combined  with  BPS  demonstrated  better 
quantitative  and  qualitative  effects  in  enhancing  oligonucleotide  cellular  delivery  than 
liposomes  without  BPS.  The  enhanced  effect  due  to  the  presence  of  BPS,  as  shown  by 
flow  cytometry,  was  not  due  to  increased  cellular  uptake  of  oligonucleotides,  but  rather 
their  redistribution  upon  entering  the  cells.  A  liposomal  model  was  employed  to  better 
understand  the  membrane  defect  mechanisms  elicited  by  BPS  that  enabled  the 
intracellular  redistribution  of  oligonucleotides.  This  system  suggests  that  depending 
upon  the  pH  and  molar  ratio  of  BPS  to  membrane  lipids,  BPS  can  induce  both  membrane 
fusion  and  rupture  which  are  different  from  other  surfactants  and  fusogenic  compounds. 
They  appear  to  contribute  and  participate  in  the  membrane  fusion  at  different  stages,  hi 
comparison  to  other  similar  delivery  systems,  BPS  are  more  economical,  easily  produced, 
and  less  toxic.  Consequently,  they  provide  a  potential  excellent  choice  for 
oligonucleotide  delivery. 


IX 


CHAPTER  1 
INTRODUCTION 


Oligonucleotides  have  been  used  as  a  gene  therapy  approach  since  the  late  1970s 
(Zamecnik  &  Stephenson,  1978).  The  theoretical  approach  of  oligonucleotides  is  very 
attractive  since  it  allows  for  the  inhibition  of  a  specific  protein.  Oligonucleotides  with  or 
without  a  carrier  are  transported  into  cells  mostly  by  endocytosis  (AMitar  &  Juliano, 
1992;  Loke  et  al.,  1988)  and  accumulate  in  endosomes,  intracellular  compartments  with 
an  acidic  intraluminal  pH  (Maxfield,  1985;  McGraw  &  Maxfield,  1991).  A  factor 
limiting  the  pharmacological  effectiveness  of  oligonucleotides  is  their  inefficient 
transport  to  their  sites  of  action  in  the  cytoplasm  or  nucleus.  The  rate  and  extent  of 
movement  from  endosomes  appear  to  be  important  in  determining  oligonucleotide 
effects. 

Consequently,  the  development  of  accessory  compounds  that  enhance  endosome 
to  cytoplasm  transfer  may  be  vital  to  oligonucleotide  therapy.  By  taking  advantage  of  the 
characteristics  of  surfactants  and  exploiting  a  naturally  occurring  event,  the  pH  gradient, 
during  oligonucleotide  transport,  we  have  proposed  a  delivery  system  that  may  increase 
oligonucleotide  cytoplasmic  delivery  and  biological  activity. 


2 
Objective 

The  main  objective  of  the  project  was  to  characterize  biodegradable  pH-sensitive 
surfactants  (BPS)  both  physicochemically  and  biochemically  which  can  serve  as 
adjuvants  for  improved  transfer  of  oligonucleotides  from  the  endosome  to  the  cytoplasm 
without  associated  cellular  toxicity. 

Hypothesis 

The  overall  hypothesis  was  that  the  endosomal  membrane  presents  a  major  barrier 
to  oligonucleotide  delivery.  By  the  addition  of  biodegradable  pH-sensitive  surfactants 
(BPS)  to  a  liposomal  delivery  system,  the  low  endosomal  pH  can  activate  the  pH- 
sensitive  surfactants  and  facilitate  the  transfer  of  endosomal  contents  (i.e., 
oligonucleotide)  to  the  cytoplasm  or  nucleus.  The  biodegradable  linker  can  be  digested 
into  less  toxic  metabolites  by  the  endogenous  digestive  enzymes. 


CHAPTER  2 
BACKGROUND  AND  SIGNIFICANCE 


Oligonucleotide  Therapy  Overview 


The  ability  of  short,  synthetic,  and  single-stranded  DNA  or  RNA  oligonucleotides 
to  interfere  with  individual  gene  expression  in  a  sequence-specific  manner  is  the 
foundation  for  oligonucleotide-based  therapy.  The  first  clear  exploration  of 
oligonucleotides  was  reported  by  Zamecnik  and  Stephenson  (1978).  However,  due  to  a 
number  of  impediments  (e.g.,  understanding  of  the  sequence  and  topology  of  the  nucleic 
acid  target,  synthesis  of  research  quantities  of  oligonucleotides,  and  modification  of 
stabilized  oligonucleotides),  research  in  using  oligonucleotides  for  biological  studies  was 
limited  until  the  late  1980s.  Following  advances  in  oligonucleotide  chemistry  and  initial 
biological  studies  (Agrawal  et  al.,  1988;  Gao  et  al.,  1989;  Smith  et  al.,  1986),  interest  in 
oligonucleotide  therapy  began  to  increase. 

Oligonucleotides,  short  nucleotide  polymer  in  length  (12  to  40  mer)  of  a  synthetic 
single-stranded  nucleic  acid,  are  designed  to  a  specific  gene  (Cooney  et  al.,  1988;  Moser 
&  Dervan,  1987),  mRNA  (Stein  &  Cohen,  1988),  or  protein  (Bock  et  al,  1992;  Ellington 
1994).  After  binding  to  their  target  in  cells,  oligonucleotides  can  prevent  the  production 
of  a  specific  protein  product  (Figure  2-1).  Detailed  mechanisms  are  explained  in 
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Figure  2-1:  A  depiction  of  protein  synthesis  and  possible  sites  of  action  for  designed 
oligonucleotides.  There  are  three  potential  sites  where  oligonucleotides  can  have  actions. 
First,  oligonucleotides  (antigenes)  can  be  used  to  inhibit  the  transcription  process  from 
double  stranded  DNA  to  single  stranded  mRNA  through  Hoogsteen  base  pairing 
interactions.  Second,  complimentary  oligonucleotides  (antisense  oligonucleotides)  can 
be  designed  to  bind  with  mRNA  to  restrain  the  translation  process  through  Watson-Crick 
hydrogen  bond  interactions.  Finally,  oligonucleotides  (aptamers)  can  interact  with  a 
synthesized  protein  to  interfere  with  its  activity  via  hydrogen  bondings. 


excellent  review  articles  (Crooke,  1993;  Helene  &  Toulme,  1990;  Scanlon  et  al.,  1995; 
Sharma  &  Narayanan,  1995;  Uhlman  &  Peyman,  1990). 

Simply,  a  triplex  forming  oligonucleotide  (antigene  oligonucleotide)  is  capable  of 
binding  to  the  major  groove  in  double-stranded  DNA  via  Hoogsteen  base  interactions, 
thereby  causing  a  triple  helical  structure  and  further  resulting  in  sequence-specific 
inhibition  of  transcription.  On  the  contrary,  an  antisense  oligonucleotide  complementary 
to  a  specific  sequence  of  mRNA  can  hybridize  to  a  given  roRNA  through  Watson-Crick 
hydrogen  bonds  (Zamecnik,  1996).  It  can  inhibit  translation  by  several  proposed 
mechanisms  including  acfivafion  of  RNase  H  and  blockade  of  ribosomal  reading.  RNase 
H  is  an  endogenous  cellular  enzyme  which  can  recognize  a  hybrid  duplex  between  DNA 
and  RNA  (Ghosh  et  al.,  1993).  RNase  H  leads  to  RNA  cleavage  and  release  of  the  DNA- 
oligonucleotide.  The  fi-eed  DNA-oligonucleotide  is  then  able  to  hybridize  to  another 
RNA  strand  and  repeat  the  RNase  H  dependent  degradation,  thus  forming  the  basis  for  a 
catalytic  effect. 

Oligonucleotide  therapy  is  most  often  directed  at  inhibiting  production  of  disease 
causing  proteins.  The  fact  that  very  distinct  interactions  of  oligonucleotides  to  target 
sequences  occur  suggests  that  oligonucleotide  therapy  have  the  potential  to  be  orders  of 
magnitude  more  specific  than  conventional  drug  therapy.  Therefore,  it  may  yield  a 
greater  therapeutic  effect  and  is  an  exciting  technology  for  manipulating  gene  expression 
in  the  treatment  of  human  gene  diseases. 


Toxic  Effects  of  Oligonucleotide 

High  doses  of  oligonucleotides  have  been  reported  harmful  in  animal  studies  and 
the  toxicity  of  oligonucleotides  appears  to  be  species  dependent.  Administration  of  100 
mg/kg  i.p.  three  times  weekly  for  two  weeks  in  mice  and  rats  resulted  in  significant 
toxicity  including  acute  renal  failure,  liver  damage,  spleen  damage,  immtme  stimulation, 
severe  thrombocytopaenia,  and  death  (Krieg  et  al.,  1995;  Sarmiento  et  al.,  1994).  Bolus 
i.v.  administration  of  oligonucleotides  in  monkeys  produced  a  transient  decrease  in 
peripheral  total  white  blood  cell,  neutrophil  counts,  prolongation  of  acitvated  partial- 
thromboplastin  time,  hypotension,  and  death  (Galbraith  et  al.,  1994).  As  a  result  of  the 
relatively  long  retention  time  in  the  reticuloendothelial  system  organ,  accumulation  of 
oligonucleotides  and  their  metabolites  may  be  responsible  for  these  toxicities  (Zhang  et 
al.,  1995). 

Barriers  to  Oligonucleotide  Transfer  and  Activity 

The  therapeutic  promise  of  specific  oligonucleotide  interaction  is  great.  However, 
several  technical  problems  including  stability  and  delivery  must  be  overcome  before 
ohgonucleotides  can  be  useful  drugs. 

In  Vitro/In  Vivo  Stability 

Of  all  the  possible  obstacles,  rapid  degradation  of  unmodified  DNA  and  RNA 
phosphorodiester  oligonucleotides  in  the  biological  milieu  is  the  first  problem 
encountered  (Akhtar  et  al,  19916;  Shaw  et  al,  1991).  Enzymes,  non-specific  endo-  and 


exo-nucleases,  limit  phosphorodiester  oligonucleotides'  physiological  half-life  to  a  few 
minutes  (Akhtar  et  al,  19916).  This  short  biological  half-life  makes  the  therapeutic  use 
of  phosphodiester  oligonucleotides  unlikely.  Biologically  stable  oligonucleotides  are 
achievable  by  chemically  altering  the  phosphorodiester  backbone.  To  maximize  the 
effect,  the  modified  oligonucleotides  should  be  stable  in  both  serum  and  inside  the  cell, 
able  to  reach  their  site  of  action,  and  form  stable  Watson-Crick  or  Hoogsteen  complexes 
with  target  sequences. 

These  modifications  summarily  occur  in  three  locations  (for  detailed  review  see 
Uhlmanetal.,  1997): 

•  Intemucleotide  phosphodiester  bridge 

•  Base  group 

•  Sugar  group 

Based  upon  the  above  criteria,  a  number  of  structural  analogues  with  nuclease 
resistance  have  been  developed  including  phosphorothioate  (Connolly  et  al.,  1984; 
Cowsert  et  al,  1993)  and  methyl  phosphonate  (Blake  et  al.,  1985;  Murakami  et  al.,  1985). 
Of  these  modified  oligonucleotides,  phosphorothioate  oligonucleotides  are  possibly  the 
most  potent  because  they  are  highly  resistant  to  nucleases,  retain  a  net  charge,  are  soluble 
in  water,  and  can  act  as  substrates  for  RNase  H.  However,  phosphorothioate 
oligonucleotides  may  also  cause  a  variety  of  non-sequence  dependent  effects  (Guvakova 
et  al.,  1995;  Khaled  et  al.,  1996;  Perez  et  al.,  1994). 


Cellular  Transport 

Another  major  encumbrance  to  the  therapeutic  use  of  oligonucleotides  is  the 
inefficient  delivery  of  oligonucleotides  to  the  cytoplasm  or  nucleus.  There  are  two 
transport  aspects  that  need  to  be  distinguished: 

•  Cellular  uptake 

•  Entry  into  the  cytoplasm/nucleus 

Cellular  uptake  refers  to  both  oligonucleotide  membrane  binding  and  general 
internalization  within  the  cell.  Entry  into  the  cytoplasm/nucleus  concerns  the  amount  of 
oligonucleotides  that  reach  a  pharmacological  active  compartment.  Oligonucleotides 
intemahzation  by  cultured  cells  is  inefficient  (Akhtar  et  al,  19916;  Stein  &  Cheng,  1993). 
Only  a  small  fraction  of  added  oligonucleotides  can  actually  gain  entry  into  cells  and  it  is 
commonly  assumed  that  most  oligonucleotides  can  be  brought  into  cells  through 
(receptor  mediated,  adsorptive,  or  fluid  phase)  endocytosis  (Akhtar  &  Juliano,  1992; 
Lokeetal.,  1989). 

After  entry  into  cells,  oligonucleotides  must  penetrate  the  endosomal  membrane 
to  exert  their  effects  in  the  nucleus  or  cytoplasm.  Not  all  of  the  internalized 
oligonucleotides  are  necessarily  available  to  interact  with  intended  subcellular  targets. 
Indeed,  most  of  them  are  eliminated  by  lysosomes,  the  later  endocytotic  stage  (Figure  2- 
2).  Unlike  gene  delivery,  however,  following  cellular  entry  and  escape  from  endosomal 
compartments  with  an  effective  nuclear  pore  size  of  approximately  10  nm  in  diameter 
(Aronsohn  &  Hughes,  1997),  oligonucleotides  are  able  to  migrate  to  the  nucleus  without 
difficulty  (Chin  et  al.,  1990;  Leonetti  et  al.,  1991).  An  issue  that  needs  to  be  addressed  is 
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Figure  2-2:  Possible  oligonucleotide  fates  in  a  cell  for  two  delivery  systems,  a)  Limited 
amount  of  oligonucleotides  can  be  taken  into  cells  when  not  used  with  any  delivery 
system.  For  those  oligonucleotides  that  can  be  brought  into  cells,  the  mechanism  is 
mostly  through  endocytosis  along  with  subcellular  compartments  (i.e.,  endosome  and 
lysosome)  of  a  pH-gradient  profile.  Most  of  the  endocytosed  ohgonucleotides  would 
then  be  eliminated,  b)  When  using  a  delivery  system  (e.g.,  liposome),  more 
oligonucleotides  can  be  brought  into  cells,  thereby  increasing  their  probability  of 
escaping  from  lysosomes.  Still,  most  of  the  ohgonucleotides  would  be  eliminated 
through  the  entire  endocytosis  process. 
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that,  like  other  drugs,  ohgonucleotides  may  bind  to  intracellular  proteins  which  can  cause 
side  effects  and  limit  free  fraction.  Only  free  unbound  oligonucleotides  can  interact  with 
targets  at  the  sites  of  action  and  demonstrate  biological  effects. 

Oligonucleotides  traveled  to  sites  of  action  face  several  barriers.  By  optimizing 
oligonucleotide  transfer  at  each  stage  of  the  delivery  process,  the  amount  of 
oligonucleotides  with  or  without  their  carrier  to  achieve  the  same  biological  effect  can  be 
minimized  in  comparison  to  unmodified  oligonucleotides.  Increasing  the  amount  of 
cellular  uptake  and/or  escape  of  oligonucleotides  from  the  endosomes  may  be  of 
considerable  value  in  improving  the  extent  of  oligonucleotides  at  their  sites  of  action  and 
the  inhibition  of  certain  protein  expression.  Hence,  the  optimization  can  decrease  the 
cytotoxicity  associated  with  a  large  amount  of  oligonucleotides  and  delivery  systems. 

Strategies  Available  to  Deliver  Oligonucleotides 

A  number  of  strategies  have  been  pursued  to  facilitate  the  entry  of 
ohgonucleotides  into  the  cytoplasm.  The  strategies  are  used  either  alone  or  in 
combination  with  others  to  optimize  the  effect.  Each  system  has  its  own  advantages  and 
drawbacks.  According  to  the  two  mentioned  oligonucleotide  transport  aspects,  these 
strategies  can  generally  be  separated  into  two  parts. 

The  first  group  renders  delivery  systems  that  increase  the  amoimt  of 
oligonucleotides  that  associate  with  target  cells.  They  include  conjugation  of  molecules 
to  ohgonucleotides  (i.e.,  conjugating  agents),  complexation  of  ohgonucleotides  with 
cationic  molecules  (i.e.,  complexing  agents),  encapsulation  of  oligonucleotides  into 
vesicles  (i.e.,  encapsulating  agents),  and  labeling  targets  to  either  oligonucleotides  or  their 
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delivery  carriers  (i.e.,  targeting  agents).  These  systems  increase  the  probability  of 
oligonucleotides  escaping  endocytotic  degradation  and  reaching  the  cytoplasm  or 
nucleus. 

Irrespective  of  the  above  methods,  the  underlying  principle  is  to  increase  uptake 
of  oligonucleotides.  Thus,  the  increased  oligonucleotide  concentration  in  endosomes 
enhances  the  chance  of  oligonucleotides  to  reach  cytoplasms.  These  delivery  systems 
therefore  exhibit  superior  effects  compared  to  plain  oligonucleotides  in  tissue  culture 
systems.  However,  the  majority  of  oligonucleotides  that  are  brought  uito  cells  would  still 
be  eliminated  during  endocytosis  (Figure  2-2).  The  biological  activity  able  to  be 
observed  results  from  a  diminutive  amount  of  oligonucleotides  that  escape  from  the 
endosomal  compartments. 

To  ftirther  optimize  oligonucleotide  delivery,  endosome  destabilizing  (escaping) 
systems  have  been  developed.  This  group  applies  devices  (i.e.,  oligonucleotide 
cytoplasmic  transfer  techniques)  or  offers  delivery  systems  (i.e.,  membrane  destabilizing 
agents)  that  improve  ohgonucleotide  efflux  to  the  cytoplasm. 

Conjugating  Agents 

Emphasis  on  the  ability  of  oligonucleotides  to  penetrate  biological  membranes  is 
one  of  the  major  elements  in  making  oligonucleotide  therapy  possible.  An  strategy  is  to 
conjugate  hydrophobic  anchor  groups  at  either  end  of  the  oligonucleotide  through 
chemical  reactions  to  extend  their  hydrophobicity  and/or  exo-nuclease  resistance,  thereby 
increasing  the  interaction  with  target  cells. 
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Cholesterol  is  a  typical  conjugating  agent  that  has  been  used  as  a  hydrophobic 
anchor  group  at  either  the  3'-  or  5'-  terminus  of  oligonucleotides  (Alahari  et  al.,  1996; 
Boutorin  et  al,  1989;  Godard  et  al,  1995;  Letsinger  et  al,  1989).  Alkyl  side  chains  are 
another  commonly  used  conjugating  agent.  Examples  include  hexadecyl  moieties  affixed 
to  the  5'-end  (Shea  et  al.,  1990),  dodecyl  moieties  to  the  3'-end  (Saison-Behmoaras  et  al., 
1991),  hexanol  to  the  3'-end  (Gamper  et  al.,  1993),  aminohexyl  to  the  3'-end  (Gamper  et 
al.,  1993),  and  an  undecyl  derivative  to  the  5 '-end  of  oHgonucleotides  (Kabanov  et  al., 
1990). 

Poly(L-lysine)  is  another  type  of  conjugating  agent.  By  attaching  I 

I 

I 

oligonucleotides  to  poly(L-lysine)  at  the  3'-end  (Degols  et  al,  1991;  Degols  et  al,  1989;  [ 

I 

Lemaitre  et  al.,  1987;  Leonetti  et  al,  1988;  Stevenson  &  Iversen,  1989),  cellular  uptake  is  ], 

i 

increased  most  likely  due  to  a  better  interaction  with  the  negative  charge  cellular  i 

membrane.  In  addition  to  the  possible  peraieability  mechanism,  the  biological  effect 
improved  by  poly(L-lysine)  conjugates  can  also  be  a  consequence  of  better  protective 
properties  against  nucleases. 

As  mentioned  above,  one  major  advantage  of  using  conjugating  agents  is  to 
increase  the  initial  membrane  interaction  which  leads  to  greater  cellular  accumulation  of 
oligonucleotides.  However,  there  are  also  a  number  of  disadvantages  that  hinder  the  use 
of  conjugating  agents  such  as  the  chemical  synthesis  of  the  connector  between  the 
oligonucleotides  agents.  This  process  is  both  time  consuming  and  expensive. 
Furthermore,  the  manipulation  of  the  conjugating  agents  (e.g.,  poly(L-lysine))  can 
account  for  increased  cytotoxic  effects. 
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Complexing  Agents 

Unlike  conjugating  agents,  the  basic  principle  behind  the  use  of  complexing 
agents  is  to  bind  oligonucleotides  to  their  carrier  in  a  strong  but  non-covalent  manner 
based  upon  an  electrostatic  attraction.  This  system  carries  more  oligonucleotides  into 
cells  through  endocytosis  and  hence  increases  their  probability  of  reaching  the  cytoplasm. 

Cationic  polymers  such  as  poly(L-lysine)  (Deshpande  et  al.,  1996;  Ginobbi  et  al., 
1997;  Stewart  et  al.,  1996),  polyethylenimine  (Boussif  et  al.,  1995),  polyamidoamine 
PAMAM  starburst  dendrimers  (Bielinska  et  al.,  1996;  Belong  et  al.,  1997;  Hughes  et  al., 
1996;  Kukowska-Latallo  et  al,  1996;  Poxon  et  al.,  1996),  avidin  (Pardridge  &  Boado, 
1991),  polyisohexylcyanoacrylate  nanoparticles  (Chavany  et  al.,  1994),  and 
polyalkylcyanoacrylate  nanoparticles  (Chavany  et  al,  1992;  Godard  et  al,  1995;  Schwab 

et  al,  1994)  are  some  comlexing  agents  that  have  been  used  in  oligonucleotide  delivery.  [ 

i 

i 

Cationic  liposomes  are  other  complexing  agents  that  have  been  investigated.  Liposomes  | 

are  vesicles  comprised  of  lipid  bilayer(s)  similar  in  structure  to  biological  membranes. 

Utilizing  their  versatility  (e.g.,  size,  charge,  and  composition)  and  several  advantages 

(e.g.,  economical,  ability  to  attach  chemicals  to  their  surface,  and  easily  produced), 

different  systems  involving  liposomes  can  be  applied  to  increase  the  delivery  of 

oligonucleotides  to  their  sites  of  action.  Cationic  liposomes  are  among  one  of  these 

strategies.  Cationic  liposomes  that  have  improved  oligonucleotide  cellular  delivery 

include  N-[l-(2,3-dioleoloxy)-propyl]-N,N,N-trimethylammonium  chloride  (DOTMA) 

(Bennett  et  al,  1992;  Hughes  et  al,  1996;  Konopka  et  al,  1996;  Perlaky  et  al,  1993; 

Saijo  et  al,  1993),  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammonium 
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methylsulfate  (DOTAP)  (Capaccioli  et  al,  1993;  Lappalainen  et  al.,  1994;  Liang  & 
Hughes,  1998;  Quattrone  et  al.,  1994;  Takle  et  al.,  1997;  Zelphati  &  Szoka,  1996^),  3p- 
[N-(N',N'-dimethylaminoethane)carbamoyl]cholesterol  (DC-Chol)  (Litzinger  et  al., 
1996),  spermine-cholesterol  (Guy  Caffey  et  al.,  1995),  spermidine-cholesterol  (Guy 
Caffey  et  al.,  1995),  2,3-dioleoyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-l- 
propanaminum  trifluoroacetate  (DOSPA)  (Lappalainen  et  al.,  1997;  Lappalainen  et  al., 
1996),  l,2-dimyristyloxypropyl-3-dimethyl-hydroxyethyl  ammonium  bromide  (DMRIE) 
(Konopka  et  al.,  1996),  and  dimethyldioctadecylammonium  bromide  (DDAB) 
(Jaaskelainen  et  al,  1994;  OUikainen  et  al.,  1996;  Rose  et  al.,  1991). 

In  contrast  to  conjugating  agents,  the  ease  of  production  of  the  complexing  agents 
is  the  biggest  advantage.  No  chemical  linkage  between  oligonucleotides  and  complexing 
agents  is  required.  In  addition,  they  provide  high  capacity  to  retain  oligonucleotides. 
Complexing  agents  may  also  prevent  oligonucleotides  from  enzymatic  degradation  by 
forming  poor  substrates  (Gershon  et  al.,  1993).  However,  a  major  concern  in  using 
complexing  agents  is  their  possible  toxic  effects.  Cationic  polymers  and  cationic 
liposomes  eventually  are  more  toxic  to  cells  than  neutral  counterparts  as  their 
concentrations  are  increased  (Barry  et  al.,  1993;  Clarenc  et  al.,  1993;  Wagner  et  al.,  1993; 
Yeoman  et  al.,  1992).  In  addition,  the  intrinsic  properties  of  the  carriers  such  as 
liposomes  or  nanoparticles  lead  to  increased  immunological  problems  with  the 
oUgonucleotide  complex  (Chavany  et  al.,  1994;  Phillips  &  Emili,  1991). 
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Encapsulating  Agents 

Encapsulating  and  complexing  agents  are  possibly  the  most  popular  systems  used 
in  the  delivery  of  oligonucleotides.  Not  only  do  both  methods  protect  oligonucleotides 
from  degradation  (Leonetti  et  al.,  1990;  Schwab  et  al,  1994;  Thierry  &  Dritschilo,  1992), 
but  they  also  increase  cellular  uptalce  (Juliano  &  Akhtar,  1992).  However,  the 
preparation  behind  the  similar  outcomes  is  quite  different.  Complexing  agents  bind  to 
oligonucleotides  through  an  electrostatic  attraction  while  encapsulating  agents  entrap 
oligonucleotides  within  vesicles. 

The  most  popular  encapsulating  approach  currently  being  investigated  is  through 
the  use  of  liposomes.  In  addition  to  the  above  mentioned  advantages,  liposomes  offer  the 
potential  to  reach  specific  targets  via  attached  ligands.  They  may  control  or  sustain 
oligonucleotide  release  (Akhtar  et  al.,  19916).  Abundant  examples  using  liposomes 
illustrate  the  improved  effect  of  ohgonucleotides  (Akhtar  et  al.,  19916;  Anazodo  et  al., 
1995;  Hatta  et  al.,  1997;  Hatta  et  al.,  1996;  Marzo  et  al.,  1997;  Ogo  et  al.,  1994;  Wielbo  et 
al.,  1996).  Furthermore,  cyclodextrin  analogs  including  2-hydroxypropyl  beta- 
cyclodextrin  (Habus  et  al,  1995;  Zhao  et  al,  1995),  hydroxyethyl  beta-cyclodextrin 
(Zhao  et  al.,  1995),  and  encapsin  (Zhao  et  al.,  1995)  have  also  been  demonstrated  as 
possible  carrier  candidates  for  oligonucleotide  delivery. 

Similar  to  complexing  agents,  the  biggest  advantage  of  encapsulating  agents  in 
ohgonucleotide  delivery  is  their  ease  of  production.  Unlike  complexing  agents, 
encapsulating  agents  are  believed  to  be  less  cytotoxic.  However,  compared  to 
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complexing  agents,  they  have  a  lower  capacity  to  bring  oligonucleotides  into  cells  which 
may  reduce  the  efficiency  of  the  encapsulating  agent  system. 

Targeting  Agents 

Targeting  agents  may  be  categorized  into  two  groups.  The  first  group  targeting  at 
the  nucleic  acid  level  is  known  as  intercalating  agents.  These  agents  are  mostly  often 
attached  at  the  3'-  or  5 '-end  of  ohgonucleotides.  The  moieties  linked  to  oligonucleotides 
interact  strongly  and  nonspecifically  with  nucleic  acids.  After  entering  into  cells  and 
interacting  with  target  nucleic  acids,  the  hybrids  are  stabilized  by  the  intercalation  of  the 
agents  in  the  RNA-DNA  duplex.  Hence,  they  increase  the  affinity  of  oligonucleotides  to 
their  targets. 

Of  all  the  intercalating  agents,  acridine  is  most  widely  used  and  investigated  as  a 
possible  means  to  increase  the  effect  of  ohgonucleotides  (Fukui  &  Tanaka,  1996; 
Grigoriev  et  al,  1992;  Klysik  et  al.,  1997;  Lacoste  et  al.,  1997;  McConnaughie  &  Jenkins, 
1995;  Stein  et  al.,  1988;  Toulme  et  al.,  1986;  Verspieren  et  al,  1987;  Walter,  1995). 
Other  examined  intercalators  are  chlorambucil  (Belousov  et  al.,  1997), 
benzopyridoquinoxaline  (Marchand  et  al.,  1996;  Silver  et  al.,  1997),  benzopyridoindole 
(GiovannangeU  et  al,  1996;  Silver  et  al.,  1997),  benzophenanthridine  (Chen  et  al,  1995), 
and  phenazinium  (Levina  et  al.,  1993). 

The  second  group  of  targeting  agents  is  accessed  by  utilizing  moieties  that  can 
selectively  and  specifically  transport  oligonucleotides  to  a  target  cell  population. 
Therefore,  their  accumulation  in  intracellular  compartments  is  increased.  The  moieties 
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can  be  either  conjugated  to  oligonucleotides  or  attached  to  a  carrier  system  (e.g.,  poly(L- 
lysine)  or  liposomes)  linked  to  the  oligonucleotides. 

For  cells  that  express  the  characteristics  of  receptor  mediated  endocytosis,  ligands 
represent  good  candidates  as  targeting  agents  to  initiate  cellular  uptake  of 
oligonucleotides.  Glycoproteins  and  neoglycoproteins  bearing  an  appropriate  sugar 
residue  specifically  attach  to  sugar  binding  receptors  (Sharon  &  Lis,  1989).  By  labeling 
oligonucleotides  at  the  3 '-end  to  the  neo glycoprotein  (6-phosphomannosylated 
glycoprotein),  an  improved  effect  was  observed  (Bonfils  et  al.,  1992).  Similarly, 
asialoorosomucoid  (Bunnell  et  al.,  1992;  Wu  &  Wu,  1992)  or  mannosylated  glycoprotein 
(Liang  et  al,  1996)  conjugated  to  poly(L-lysine)  has  been  employed  to  target  and 
enhance  cellular  uptake  of  oligonucleotides. 

Since  malignant  cells  are  correlated  with  an  increased  need  for  essential  nutrients 
(e.g.,  folic  acid  and  transferrin)  relative  to  benign  cells,  these  nutrients  can  be  used  as 
potential  candidates  to  target  oligonucleotides  in  the  inhibition  of  cancerous  cell  growth. 
Further  improved  oligonucleotide  cellular  uptake  is  seen  when  folic  acid  (Citro  et  al, 
1994;  Ginobbi  et  al.,  1997),  epidermal  growth  factor  (Deshpande  et  al.,  1996),  and 
transferrin  (Citro  et  al.,  1992)  is  linked  to  poly(L-lysine).  Liposomes  coated  with 
maleylated  bovine  serum  albumin  (Chaudhuri,  1997),  foUc  acid  (Wang  et  al.,  1995),  or 
ferric  protoporphyrin  IX  (Talke  et  al.,  1997)  have  been  shown  to  increase  the  cellular 
uptake  of  oligonucleotides. 

In  order  to  increase  the  specificity  of  oligonucleotides,  liposomes  can  also  be 
attached  to  antibodies  to  reach  the  desired  targets.  Several  monoclonal  antibody-targeted 
liposomes,  immunoliposomes,  have  been  developed  and  used  for  mediating 
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oligonucleotides  to  specific  receptors  on  targeted  cells  (Lefebvre-d'Hellencourt  et  al., 
1995;  Leonetti  et  al.,  1990;  Loke  et  al,  1989;  Ma  &  Wei,  1996;  Renneisen  et  al,  1990; 
Selvam  et  al.,  1996;  Zelphati  et  al,  1994;  Zelphati  et  al.,  1993). 

The  major  advantage  of  targeting  agents  is  to  enhance  ohgonucleotide  cellular 
uptake  specifically.  The  targeting  strategy  can  be  incorporated  with  other  systems  to 
further  increase  the  cellular  biological  activity  of  oligonucleotides.  Similar  to 
conjugating  agents,  a  disadvantages  that  may  hamper  the  development  of  targeting  agents 
is  the  synthetic  linking  process.  Furthermore,  targeting  particular  routes  of  endocytosis  is 
strongly  dependent  upon  receptor  subtype  thereby  limiting  the  use  of  targeting  agents. 

Oligonucleotide  Cytoplasmic  Transfer  Techniques 

Even  if  cellular  uptake  of  oligonucleotides  through  a  dehvery  system  was  | 

increased,  escape  from  endosome  must  still  be  accomplished.  One  way  to  avoid  this  l 

i 

barrier  is  to  transfer  them  directly  into  cytoplasm  or  nucleus.  This  has  been  accomplished  [ 

i 
{ 

through  electroporation  (Bergan  et  al.,  1996;  Flanagan  &  Wagner,  1997;  Griffey  et  al.,  [ 

[ 
1996;  Schaal  et  al.,  1995)  and  microinjection  (Blondel  et  al.,  1990;  Fenster  et  al.,  1994;  [ 

Lamprecht  et  al.,  1997;  O'Keefe  et  al.,  1994;  Sagata  et  al,  1988).  { 

! 
Electroporation  involves  delivering  a  high-voltage  pulse  of  a  defined  magnitude  ' 

and  length  to  the  oligonucleotide-cell  system.  The  membrane  structures  of  the  cells  are 

loosened  and  oligonucleotides  can  be  introduced  directly  into  the  cell's  cytoplasm.  On 

the  other  hand,  microinjection  was  performed  by  injecting  oligonucleotides  directly  into 

the  nucleus. 
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The  above  methods  prevent  lysosomal  elimination  without  falling  into  the  trap  of 
the  endocytosis  pathway.  However,  these  techniques  have  limited  use  from  the 
standpoint  of  clinical  therapy.  Therefore,  it  is  necessary  to  develop  more  practical 
delivery  systems  to  improve  oligonucleotide  therapy. 

Membrane  Destabilizing  Agents 

Membrane  destabilizing  agents  provide  a  means  to  disrupt  endosomal 
membranes.  Some  agents  are  conjugated  directly  to  oligonucleotides  through  chemical 
reactions  while  other  agents  may  be  a  part  of  liposome  composition  to  which 
oligonucleotides  are  either  complexed  or  encapsulated. 
Fusogenic  and  pH-sensitive  lipids 

Fusogenic  and  pH-sensitive  lipids  have  been  used  together  as  liposomes  (i.e., 
encapsulating  agents)  to  promote  efflux  of  oligonucleotides  from  the  endosomal 
compartment  (Bentz  et  al,  1985;  Connor  et  al.,  1984;  Duzgunes  et  al.,  1985).  Fusogenic 
lipids  include  phosphatidylethanolamine  (PE)  derivatives  while  pH-sensitive  lipids  that 
have  titratable  carboxylic  acids  contain  oleic  acid  (Cristina  De  OUveira  et  al.,  1997;  Ma  & 
Wei,  1996;  Ropert  et  al,  1996;  Ropert  et  al.,  1993;  Ropert  et  al.,  1992)  and  cholesteryl 
hemisuccinate  (Chu  et  al.,  1990;  Slepushkin  et  al.,  1997). 

A  fusogenic  lipid  is  able  to  form  hexagonal  II  phase  that  influences  membrane 
ftision  and  oligonucleotide  release.  Before  the  disruption  of  the  endosomal  membrane 
occurs  inside  the  cells,  however,  liposomes  must  maintain  their  integrity  to  encapsulate 
oligonucleotides.  A  pH-sensitive  lipid  is  therefore  introduced  into  the  liposomal  matrix. 
With  a  chemical  structure  complementary  to  the  hexagonal  II  phase  (e.g.. 
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dioleoylphosphatidylethanolamine  (DOPE)),  the  pH-sensitive  lipid  will  assist  in  retaining 
the  bilayer  vesicle  structure  of  the  liposomes  at  an  alkaline  pH.  When  the  pH  decreases 
as  a  result  of  the  acidification  of  the  endosome,  the  titratable  head  group  of  the  pH- 
sensitive  lipid  is  protonated.  Hence,  it  destabilizes  the  bilayer  structure  and  PE  promotes 
membrane  fusion  (Duzgunes  et  al.,  1985).  Eventually,  oligonucleotides  are  released  out 
of  the  endosomes.  Also,  cationic  liposomes  (i.e.,  complexing  agents)  usually  comprise  a 
fusogenic  lipid  (e.g.,  DOPE)  and  a  cationic  lipid  (e.g.,  2,3  dioleyloxy-N- 
[2(sperminecarboxamido)ethyl]-N,N-dimethyl  propanaminium  (DOSPA),  N-[l-(l-2,3- 
dioleoloxy)propyl]-N,N,N-trimethylammonium  methylsulfate  (DOTAP),  N-[l-(2,3- 
dioleoloxy)-propyl]-N,N,N-trimethylammonium  chloride  (DOTMA), 
dimethyldioctadecylammonium  bromide  (DDAB),  and  3p-[N-(N',N'- 
dimethylaminoethane)carbamoyl]cholesterol  (DC-Chol))  to  improve  oligonucleotide 
delivery  (Guy  Caffey  et  al,  1995;  Lappalainen  et  al,  1997;  Lappalainen  et  al.,  1996; 
Litzinger  et  al.,  1996;  OUikainen  et  al.,  1996;  Takle  et  al,  1997;  Zalphati  &  Szoka, 
1996b). 

In  addition  to  increasing  cellular  uptake  of  oligonucleotides,  pH-sensitive 
liposomes  further  increase  the  entry  of  oligonucleotides  to  the  cytoplasm.  However, 
since  both  pH-sensitive  anionic  lipids  and  nucleic  acids  have  a  negative  charge,  they  may 
have  limited  capacity  to  entrap  nucleic  acids. 
Viral  peptides 

Oligonucleotides  incubated  with  or  coupled  to  viral  peptides  derived  from  the 
hemagglutinin  envelop  protein  of  the  Influenza  virus  (Bongartz  et  al.,  1994;  Hughes  et 
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al.,  1996;  Yu  et  al.,  1994)  provide  a  route  to  improve  their  cytoplasmic  delivery.  These 
peptides  are  able  to  form  a  transmembrane  channel  through  a  conformational  change 
induced  by  the  acidification  following  endocytosis  (Carrasco,  1994;  Fattal  et  al,  1994; 
Marsh,  1984;  Parente  et  al.,  1990).  Viral  peptides  can  therefore  help  to  transfer 
oligonucleotides  into  the  cytoplasmic  compartment. 

When  liposomes  are  decorated  with  viral  peptides  from  the  Sendai  virus 
(hemagglutinating  virus  of  Japan  (HVJ)),  oligonucleotide  delivery  can  also  be  improved 
(Aoki  et  al.,  1997;  Dzau  et  al,  1996;  Kumar  et  al.,  1997;  Mann  et  al,  1997;  Morishita  et 
al.,  1993;  Yonemitsu  et  al,  1997).  Unlike  the  system  from  the  Influenza  virus,  most 
HVJ- liposomes  appear  to  employ  a  cell-membrane  fiision  mechanism  (Okada  et  al., 
1975),  thus  averting  oligonucleotides  from  the  endocytotic  pathway  and  releasing  them 
directly  into  the  cytoplasm. 

The  advantage  of  fusogenic  peptides  is  the  ability  to  follow  the  natural  virus  entry 
pathway.  However,  fusogenic  peptides  are  expensive  to  produce  and  could  also  pose  the 
problem  of  immunogenicity  on  repeat  administration. 

Origin  of  Biodegradable  pH-Sensitive  Surfactants-Lysosomotropic  Detergents 

The  use  of  detergents  to  disrupt  phospholipid  bilayers  (e.g.,  endosomal 
membranes)  is  efficient  (Piimaduwage  et  al,  1989)  and  provide  a  rationale  approach  to 
enhance  oligonucleotide  release  from  endosomes,  but  most  detergents  are  indiscriminate 
of  membrane  type  and  attack  the  first  cellular  membrane  they  contact.  In  order  to  provide 
selectivity,  a  trigger  is  required  to  activate  detergents  in  specific  subcellular  locations.  A 
lysosomotropic  amine  whose  pKa  value  is  between  approximately  5  and  7  (De  Duve, 
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1983;  De  Duve  et  al.,  1974)  bearing  a  hydrophobic  tail  group  is  classified  as  a 
lysosomotropic  detergent  (Firestone  et  al.,  1979).  At  an  alkaline  environment,  the 
molecule  is  predominated  by  its  hydrophobic  tail  making  it  simply  an  oily  substance  with 
limited  surface  active  properties.  The  non-charged  lysosomotropic  detergent  can  be 
passively  diffused  across  cellular  membranes.  Due  to  the  low  intralysosomal  pH  usually 
between  4  and  6  (McGraw  &  Maxfield,  1991),  the  detergent  is  protonated  and  trapped 
once  inside  lysosomes,  allowing  a  continuous  gradient  for  drug  entry  (Dean  et  al.,  1984; 
Forster  et  al,  1987;  Wilson,  1989).  When  accumulation  of  the  protonated  form  of  the 
compound  progresses  to  a  certain  concentration,  the  material  disrupts  the  lysosomal 
membrane,  releasing  a  variety  of  lysosomal  enzymes  into  the  cytoplasm.  Once  released 
within  the  cells,  these  digestive  enzymes  are  able  to  degrade  cellular  structures  resulting 
in  cell  death  (Miller  et  al.,  1983;  Wilson  et  al.,  1987). 

Consequently,  a  series  of  lysosomotropic  detergents  were  synthesized  and  tested 
(Firestone  et  al.,  1982a;  Firestone  et  al.,  19826;  Firestone  et  al.,  1979).  The  development 
of  lysosomotropic  detergents  originated  as  a  potential  way  to  destroy  tumor  cells  under 
the  assumption  that  the  malignant  cells  carry  more  lysosomes  than  benign  cells  (Trouet  et 
al.,  1972).  Although  later  abandoned  due  to  problems  with  nonspecific  lysosomal 
cellular  destruction,  the  theory  behind  this  approach  has  provided  the  basis  for  the 
development  of  biodegradable  pH-sensitive  surfactants  (BPS). 

Significance  of  Biodegradable  pH-Sensitive  Surfactants 

Due  to  the  possible  pitfalls  in  nucleic  acid  delivery,  the  lysosomotropic  detergents 
were  modified  and  biodegradable  pH-sensitive  surfactants  (BPS)  were  developed  to 
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induce  endosomal  membrane  defects.  The  novelty  of  the  deUvery  system  stems  from  the 
two  following  reasons: 

•  Exploitation  of  a  naturally  occurring  oligonucleotide-liposome  transport  mechanism 
(endocytosis)  with  the  incorporation  of  BPS  into  the  delivery  system  (e.g.,  liposomes) 

•  Biodegradable  drug  approach  to  decrease  toxicity 

Developing  BPS  that  can  be  activated  at  the  endosome  (early  lysosome)  stage  will 
enable  the  destabilization  of  the  endosomal  membranes  and  liberate  oligonucleotides  to 
their  sites  of  action  in  the  cytoplasm  or  nucleus  (Figure  2-3).  However,  unlike 
lysosomotropic  detergents,  BPS  may  be  cleaved  into  less  toxic  metabolites  by  the 
endogenous  digestive  enzymes  after  being  released  into  the  cytoplasm  due  to  their 
biodegradability.  Furthermore,  BPS  can  be  quickly  synthesized  by  a  one  to  two-step 
standard  chemical  reaction  (e.g.,  esterification  and  substitution)  with  commercially 
available  inexpensive  starting  materials  (e.g.,  dodecanol  and  imidazole).  Thus,  compared 
to  other  delivery  agents,  BPS  may  be  more  economical,  easily  produced,  and  less  toxic. 

Specific  Aims 

The  inefficiency  of  nucleic  acid  delivery  systems  is  likely  due,  in  part,  to  the 
failure  of  endosomes  to  release  oligonucleotides  before  reaching  degradative  lysosomes. 
A  solution  is  to  incorporate  compounds  in  a  delivery  vector  that  will  selectively  increase 
the  release  of  encapsulated  nucleic  acids  from  the  endosome.  To  meet  the  above  criteria, 
we  developed  a  group  of  biodegradable  pH-sensitive  surfactants  (BPS). 
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Figure  2-3:  Proposed  mechanism  of  the  biodegradable  pH-sensitive  surfactants  (BPS)- 
Uposome  system.  Like  the  regular  liposome  system,  similar  amount  of  oligonucleotides 
will  be  brought  into  cells.  After  being  activated  during  endocytosis,  protonated  BPS  can 
destabilize  the  endosomal  membrane  which  would  release  the  oligonucleotide  into  the 
cytoplasm. 
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The  proposed  studies  focused  on  four  parts.  First,  BPS  were  designed  and 
synthesized  to  provide  an  alternative  to  oligonucleotide  delivery.  Second,  the 
physicochemical  properties  of  three  synthesized  BPS  were  evaluated  and  compared. 
Third,  the  oligonucleotide  biological  effect  derived  from  the  BPS-liposome  delivery 
system  was  assessed.  Finally,  the  mechanisms  behind  how  BPS  destabilize  the 
endosomal  membrane  were  investigated. 

Specific  Aim  1:  Design  and  Synthesis  of  Biodegradable  pH-Sensitive  Surfactants 

Objective 

We  designed  biodegradable  pH-sensitive  surfactants  (BPS)  by  varying  the  head 
groups,  linkage  bridges,  and  tail  groups  to  investigate  the  impact  on  the  physicochemical 
characteristics.  By  changing  the  combinations  of  different  linkage  bridges  and 
hydrocarbon  chains  with  a  lysosomotropic  amine,  imidazole,  on  the  surfactant  molecules, 
three  BPS  were  synthesized. 


Specific  Aim  2:  Physicochemical  Characterization  of  Biodegradable  pH-Sensitive 
Surfactants 


Objective 

The  objective  was  to  acquire  the  surface  active  properties  of  the  ionized 
biodegradable  pH-sensitive  surfactants  (BPS),  investigate  the  membrane  destabihzation 
ability  of  BPS  at  varied  pHs,  determine  their  stability,  and  screen  their  cytotoxicity. 
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Hypothesis 

The  first  hypothesis  was  that  as  the  pH  of  the  environment  decreased,  the  surface 
activity  of  BPS  would  increase,  thereby  destabiUzing  the  Hposomal  membrane.  The 
second  hypothesis  was  that  the  Hnkage  connector  of  BPS  was  mostly  responsible  for  their 
stability  which  would  further  determine  their  cytotoxicity. 


Specific  Aim  3:  Delivery  System  Evaluation  of  Biodegradable  pH-Sensitive 
Surfactants 


Objective 

The  objective  was  to  quantitatively  and  qualitatively  evaluate  the  cellular  delivery 
of  oligonucleotides  using  a  biodegradable  pH-sensitive  surfactants  (BPS)-liposomal 
delivery  system. 
Hypothesis 

The  hypothesis  was  that  when  using  liposomes  to  deliver  ohgonucleotides  in 
vitro,  the  effect  would  be  further  enhanced  in  the  presence  of  BPS  as  a  component  of  the 
liposome  composition. 


Specific  Aim  4:  Mechanism  of  Action  Investigation  of  Biodegradable  pH-Sensitive 
Surfactants 


Objective 

With  the  different  chemical  structures  from  other  fusogenic  compounds  and 
surfactants,  biodegradable  pH-sensitive  surfactants  (BPS)  were  expected  to  have 
disparate  membrane  activities.  The  possible  mechanisms  of  how  BPS  caused  membrane 
defects  were  therefore  investigated. 
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Hypothesis 

The  hypothesis  was  that  BPS  could  induce  both  membrane  fusion  and  rupture  and 
eventually  release  liposomal  contents  in  a  pH-dependent  manner. 


CHAPTER  3 
DESIGN  AND  SYNTHESIS  OF  BIODEGRADABLE  pH-SENSITIVE 

SURFACTANTS 


Introduction 

The  idea  of  using  lysosomotropic  detergents  to  gain  access  to  cells  exploits  the 
fact  that  surfactants  lyse  lysosomal  membranes.  Biodegradable  pH-sensitive  surfactants 
(BPS)  expand  this  concept  by  providing  a  mechanism  to  control  the  lytic  properties  of  the 
surfactants.  By  gathering  information  of  the  potential  effect  on  which  each  individual 
component  of  BPS  has  impact,  a  rational  approach  may  be  under  taken.  It  is 
hypothesized  that  using  the  correct  design  and  synthesis  of  a  series  of  original  BPS,  the 
potency  of  BPS  can  be  predicted.  To  begin  this  project,  three  BPS,  dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL),  N-dodecyl  imidazole 
(DI),  were  synthesized  using  standard  well  understood  reactions  (esterification  and 
substitution). 

Rationale 

A  surfactant  (surface  active  agent)  is  a  substance  that  adsorbs  onto  the  surfaces  or 
interfaces  of  a  system  and  alters  the  free  energies  of  those  surfaces  or  interfaces  to  a 
marked  degree  (Rosen,  1989).  Surface  active  agents  have  a  characteristic  molecular 
structure  consisting  of  a  head  group  that  is  hydrophilic  and  a  tail  group  that  is 
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hydrophobic  thus  making  the  compounds  amphoteric.  Depending  on  the  number  and 
nature  of  the  polar  and  nonpolar  groups  present,  the  agents  can  be  designed  to  be  more 
hydrophihc  or  Hpophihc. 

In  order  to  design  biodegradable  pH-sensitive  surfactants  (BPS),  there  are  three 
critical  requirements  or  structural  components  (Figure  3-1).  1 .)  The  first  one  is  a 
lysosomotropic  amine  as  the  head  group  of  BPS.  2.)  To  make  the  lysosomotropic  agent 
amphoteric,  it  is  necessary  to  attach  a  hydrocarbon  chain  to  the  amine  as  the  tail  group. 
At  an  alkaline  environment,  the  pH-sensitive  surfactant  will  be  un-ionized  and  lipophilic. 
When  incorporating  the  surfactant  into  liposomes  as  a  delivery  system,  the  lipophilicity 
of  the  surfactant  will  enhance  its  chance  to  remain  within  the  lipid  bilayers.  After  the 
amine  is  protonated  due  to  a  pH  gradient  (e.g.,  endocytosis),  the  pH-sensitive  surfactant 
will  increase  its  surface  activity  significantly.  This  change  is  strong  enough  to  induce 
membrane  destabilization.  3.)  The  pH-sensitive  surfactant  would  then  be  degraded  by  the 
endogenous  enzymes  into  less  toxic  metabolites  with  the  introduction  of  a  biodegradable 
connector.  By  understanding  the  relationship  among  the  specific  characteristic  of  each 
individual  BPS  component  (head  group,  tail  group,  and  linkage  bridge),  it  should  be 
possible  to  optimize  the  design  of  BPS. 

Head  Group 

The  head  group  of  biodegradable  pH-sensitive  surfactants  (BPS)  is  the  major 
factor  determining  its  ionization  constant  (pKa)  controlling  the  amount  of  activated 
surfactant  at  endosomal  pH.  Two  important  criteria  influence  the  pKa: 
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Figure  3-1 :  Three  individual  requirements  to  create  biodegradable  pH-sensitive 
surfactants  (BPS). 
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•  Type  of  lysosomotropic  amines 

•  Presence  of  substituents  on  the  amine  head  groups 

Since  imidazole  and  morpholine  were  used  as  the  head  groups  in  the  first 
generation  lysosomotropic  detergents,  information  exists  about  their  chemical  properties 
and  biological  effects  (De  Duve  et  al.,  1974).  Other  heterocychc  ring  compounds,  such 
as  indole,  may  also  have  lysosomotropic  properties.  When  compared  to  morpholine, 
imidazole  has  a  higher  pKa  since  the  aromatic  ring  formed  by  the  imidazolyl  group 
decreases  the  nucleophilicity  and  the  basicity  of  the  amine.  However,  compared  to 
indole,  imidazole  has  higher  basicity  due  to  its  extra  electron  lone  pair  (Table  3-1). 


Table  3-1 :  Predicted  effect  on  pKa  from  the  head  group  of  biodegradable  pH-sensitive 
surfactants  (BPS). 


Head  Group 

Effect  on  pKa  Value 

Imidazole 

Morpholine 

Indole 

<— > 

tt 
i 

All  substituents  near  the  titratable  amine  can  affect  pKa.  Electron  donating 
groups  generally  increase  pKa  while  electron  withdrawing  groups  generally  decrease  the 
pKa  of  an  amine.  Figure  3-2  shows  the  order  of  the  nucleophilicity,  basicity,  and  pKa  for 
the  substituents  at  2'  position  of  the  imidazolyl  group. 
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Figure  3-2:  Order  of  nucleophilicity,  basicity,  and  pKa  for  different  substitutes  on  the 
head  group  of  biodegradable  pH-sensitive  surfactants  (BPS). 
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Tail  Group 

The  hydrocarbon  chain  of  biodegradable  pH-sensitive  surfactants  (BPS)  partially 
determines  their  hydrophilicities.  The  stronger  the  interaction  between  the  tail  groups, 
the  more  lipophihc  BPS.  As  the  lipophilicity  increases,  a  lower  critical  micelle 
concentration  (CMC)  will  be  observed.  Figure  3-3  gives  the  order  of  the  expected  CMC 
values  when  BPS  have  the  same  head  group  by  changing  the  tail  group. 

Linkage  Bridge 

The  effectiveness  of  biodegradable  pH-sensitive  surfactants  (BPS)  is  related  to  its 
rate  of  hydrolysis  which  is  controlled  by  the  linkage  bridge  of  the  molecule.  An  ester 
bond  is  subject  to  hydrolysis  with  the  rate  dependent  upon  the  extent  of  steric  hindrance 
caused  by  the  substituents.  An  amide  bond,  however,  is  stable  and  unlikely  to  undergo 
hydrolysis  quickly  in  aqueous  solutions.  For  a  drag  to  be  effective,  an  optimum 
hydrolysis  rate  is  regulated  which  must  allow  the  molecule  to  stay  intact  long  enough  to 
have  an  effect  while  also  allowing  it  to  break  down  after  releasing  oligonucleotides  to 
their  sites  of  action. 

Selection  of  Biodegradable  pH-Sensitive  Surfactants 

With  the  different  combinations  of  head  groups,  tail  groups,  and  linkers  possible 
for  biodegradable  pH-sensitive  surfactants  (BPS),  the  number  of  potential  BPS  is 
numerous.  In  the  subsequent  studies,  however,  three  BPS  were  selected,  synthesized,  and 
compared. 
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Figure  3-3:  Biodegradable  pH-sensitive  surfactants  (BPS)  with  the  same  head  group  but 
different  tail  groups  in  order  of  decreasing  hydrophilicity  and  critical  micelle 
concentration  (CMC). 
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•  Dodecyl  2-(l  '-imidazolyl)  propionate  (DIP) 

•  Methyl  1 -imidazolyl  laureate  (MIL) 

•  N-dodecyl  imidazole  (DI) 

DIP,  the  first  member  of  the  BPS  family,  was  originally  devised  by  Hughes  and 
co-workers  (1996).  MIL  was  designed  to  compare  with  DIP  when  the  ester  linker 
between  head  and  tail  groups  is  positioned  into  the  other  direction.  DI,  lacking  a 
biodegradable  connector,  was  loosely  grouped  as  a  BPS  member.  DI  was  originally 
synthesized  by  Firestone  and  co-workers  (1979)  and  compared  to  other  BPS  to  address 
the  importance  of  the  linker  with  respect  to  cytotoxicity. 

Synthesis  of  Biodegradable  pH-Sensitive  Surfactants 

Chemicals 

N,N-dimethylformamide  (DMF)  was  purchased  from  Aldrich  (Milwaukee,  WI). 
Dodecanol,  2-bromopropionyl  bromide,  imidazole,  12-bromo-l-dodecanol,  triethylamine, 
lauric  acid,  and  N,N'-dicyclohexylcarbodimide  were  purchased  from  Fluka 
(Ronkonkoma,  NY).  1 -imidazolyl  methanol  was  a  gift  from  Dr.  Kenneth  Sloan 
(Department  of  Medicinal  Chemistry,  University  of  Florida).  All  chemicals  were  used 
directly  without  additional  purification. 

Dodecyl  2-(l '-Imidazolyl)  Propionate 

Dodecyl  2-(l '-imidazolyl)  propionate  (DIP)  was  synthesized  as  modified  from  a 
previous  report  (Hughes  et  al.,  1996).  Briefly,  dodecanol  (0.05  mole),  2-bromopropionyl 
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bromide  (0.025  mole),  and  triethylamine  (0.025  mole)  were  mixed  and  stirred  in  50  ml  of 
chloroform  for  24  h  to  yield  crude  dodecyl  2-bromopropionate  (Figure  3-4).  The  crude 
product  was  washed  three  times  with  adequate  water  to  remove  impurities.  The  organic 
phase  was  dried  by  adding  anhydrous  sodium  sulfate  and  distilled  under  vacuum.  After 
this  simple  extraction,  the  crude  product,  dodecyl  2-bromopropionate  (0.015  mole),  was 
mixed  with  imidazole  (0.03  mole)  in  chloroform  and  refluxed  for  another  24  h  (Figure  3- 

4). 

The  final  crude  DIP  product  was  washed  with  an  adequate  amount  of  water  three 
times  and  dried  with  sodium  sulfate.  Then,  the  oily  compound  was  purified  through  flash 
chromatography  (Still  et  al.,  1978)  using  silica  gel  (235-400  mesh  size)  as  the  adsorbent 
and  methanol-methylene  chloride  mixture  as  the  mobile  phase  at  a  ratio  (v/v)  of  3.5  to 
96.5,  respectively. 

Methyl  1-Imidazolyl  Laureate 

A  standard  esterificaiton  method  (Hassner  &  Alwxanian,  1978)  was  used  to 
synthesize  methyl  1-imidazolyl  laureate  (MIL).  A  mixture  of  1-imidazolyl  methanol 
(0.05  mole),  lauric  acid  (0.025  mole),  and  N,N'-dicyclohexylcarbodiimide  (0.025  mole) 
in  50  ml  of  DMF  was  stirred  overnight  at  75°C  to  produce  MIL  (Figure  3-5).  N,N- 
dicyclohexyl  urea  was  filtered  and  washed  three  times  with  water,  three  times  with  5% 
acetic  acid  solution,  again  three  times  with  water,  and  then  dried  with  anhydrous  sodium 
sulfate.  Pure  MIL  was  then  obtained  through  quick  flash  chromatography  with  the  ratio 
(v/v)  of  methanol  to  methylene  chloride  at  2.5  to  97.5,  respectively. 
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Figure  3-4:  Synthetic  pathway  of  dodecyl  2-(l  '-imidazolyl)  propionate  (DIP). 
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Figure  3-5:  Synthetic  pathway  of  methyl  1 -imidazolyl  laureate  (MIL). 
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N-Dodecyl  Imidazole 

N-dodecyl  imidazole  (DI)  was  synthesized  by  reacting  imidazole  (0.05  mole)  and 
12-bromo-l-dodecanol  (0.025  mole)  in  50  ml  of  DMF  at  75°C  for  24  h  (Figure  3-6). 
Crude  DI  was  washed  with  water  three  times,  5%  acetic  acid  solution  three  times,  water 
three  times,  and  then  dried  with  anhydrous  sodium  sulfate.  Pure  DI  was  obtained  after 
passing  through  quick  flash  chromatography  with  the  ratio  (v/v)  of  methanol  to 
methylene  chloride  at  3.5  to  96.5,  respectively. 

Identification  of  Biodegradable  pH-Sensitive  Surfactants 

After  purifying  these  three  agents,  their  structures  were  identified  through  a  300- 
MHz  'H-nuclear  magnetic  resonance  (NMR)  in  the  Center  of  Structural  Biology  and  mass 
spectroscopy  (FAB)  in  the  Department  of  Chemistry  at  the  University  of  Florida.  The 
purities  of  the  three  biodegradable  pH-sensitive  surfactants  (BPS)  were  confirmed  by 
elemental  analysis  in  the  Department  of  Chemistry  at  the  University  of  Florida. 

Dodecyl  2-(l'-Imidazolyl)  Propionate 

The  'H-NMR  (CDCI3)  spectrum  showed  resonances  of  7.60  (s,  IH),  7.05  (s,  IH), 
7.00  (s,  IH),  4.85  (q,  IH),  4.15  (t,  2H),  1.75  (d,  3H),  1.20-1.40  (m  br,  20H),  and  0.85  (t, 
3H)  which  was  consistent  with  the  proposed  structure  (Figure  3-7).  The  mass  spectrum 
(CigHjjNA.  F-W.:  308.2464)  had  a  molecular  ion  (M+1)  at  309.2537  (Figure  3-8).  The 
elementary  analysis  indicated  similar  experimental  percentages  to  the  theoretical  values 
(Table  3-2).  All  these  assays  were  within  acceptable  margins  of  error  (mass 
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Figure  3-6:  Synthetic  pathway  of  N-dodecyl  imidazole  (DI). 
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Figure  3-7:  'H-NMR  spectram  of  dodecyl  2-(r-imidazolyl)  propionate  (DIP). 
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Figure  3-8:  Mass  spectrum  of  dodecyl  2-(r-imidazolyl)  propionate  (DIP). 
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spectroscopy:  15  mmu;  elemental  analysis:  0.4%  each  element)  which  confirmed  the 
chemical  structure  and  purity  of  dodecyl  2-(r-imidazolyl)  propionate  (DIP). 


Table  3-2:  Elemental  analysis  of  dodecyl  2-(r-imidazolyl)  propionate  (DIP). 
Comparison  of  experimental  and  theoretical  percentages  of  each  element. 


DIP 

Theoretical  %        Experimental  % 

Carbon 

Hydrogen 

Nitrogen 

70.1                         69.8 
10.9                         10.9 
9.1                           8.7 

Methyl  1-Imidazolyl  Laureate 


The  'H-NMR  spectrum  showed  resonances  of  7.50  (s,  IH),  7.00  (d,  2H),  5.90  (s, 
2H),  2.35  (t,  2H),  1.20-1.40  (m  br,  18H),  and  0.90  (t,  3H)  (Figure  3-9).  The  mass 
spectrum  (C,6H28N202,  F.W.:  280.2151)  had  a  molecular  ion  (M+1)  at  281.2231  (Figure 
3-10).  The  combustion  analysis  of  experimental  percentages  of  elements  was  in 
agreement  with  the  theoretical  values  (Table  3-3).  All  assays  had  acceptable  margins  of 
error  and  confirmed  the  chemical  structure  and  purity  of  methyl  1-imidazolyl  laureate 
(MIL). 
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Figure  3-9:  H-NMR  spectrum  of  methyl  1 -imidazolyl  laureate  (MIL). 
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Figure  3-10:  Mass  spectrum  of  methyl  1-imidazolyl  laureate  (MIL). 
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Table  3-3:  Elemental  analysis  of  methyl  1-imidazolyl  laureate  (MIL).  Comparison  of 
experimental  and  theoretical  percentages  of  each  element. 


MIL 

Theoretical  %        Experimental  % 

Carbon 

Hydrogen 

Nitrogen 

68.6                        68.7 
11.0                         11.0 
10.0                         9.6 

N-Dodecyl  Imidazole 

'H-NMR  spectrum  showed  resonances  of  7.45  (s,  IH),  7.05  (s,  IH),  6.90  (s,  IH), 
3.95  (t,  2H),  1.20-1.40  (m  br,  20H),  and  0.85  (t,  3H)  (Figure  3-11).  For  N-dodecyl 
imidazole  (DI)  (C]5H28N2,  F.W.:  236.2252),  the  mass  spectrum  had  a  molecular  ion 
(M-M)  at  237.2324  (Figure  3-12).  The  above  two  assays  confirmed  the  chemical 
structure  of  DI.  The  combustion  analysis  of  experimental  percentages  of  elements  was  in 
agreement  with  the  theoretical  values  indicating  the  purity  of  this  compound  (Table  3-4). 


Table  3-4:  Elemental  analysis  of  N-dodecyl  imidazole  (DI).  Comparison  of  experimental 
and  theoretical  percentages  of  each  element. 


DI 

Theoretical  %        Experimental  % 

Carbon 

Hydrogen 

Nitrogen 

76.3                         76.5 
11.9                         11.5 
11.9                         12.2 
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Figure  3-11:   H-NMR  spectrum  of  N-dodecyl  imidazole  (DI). 
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Figure  3-12:  Mass  spectrum  of  N-dodecyl  imidazole  (DI). 


CHAPTER  4 
PHYSICOCHEMICAL  CHARACTERIZATION  OF  BIODEGRADABLE  pH- 

SENSITIVE  SURFACTANTS 


Introduction 

In  this  chapter,  we  have  characterized  and  compared  three  members  of  the  BPS 
family,  dodecyl  2'-(l-imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL) 
and  N-dodecyl  imidazole  (DI).  First,  surface  active  properties  including  critical  micelle 
concentration  (CMC)  and  effective  release  ratio  (Re)  of  the  ionized  BPS  were  measured 
and  verified.  The  pH  sensitivity  of  BPS  to  lyse  liposomes  from  the  external  environment 
and  the  behavior  of  BPS  to  destabilize  liposomes  when  incorporated  in  them  were  also 
evaluated.  Then,  systems  were  established  to  decide  the  chemical  and  biological 
stabilities  of  BPS  and  the  results  compared  in  relation  to  their  chemical  structures. 
Finally,  the  cellular  toxicity  of  these  agents  was  determined  and  correlated  with  their 
biodegradability  (biological  stability). 

Materials 

Chemical 

Calcein,  ferric  chloride,  and  ammonium  thiocyanate  were  purchased  from  Aldrich 
(Milwaukee,  WI).  Dodecanol,  imidazole,  and  lauric  acid  were  purchased  from  Fluka 
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(Ronkonkoma,  NY).  1 -imidazole  methanol  was  a  gift  from  Dr.  Kenneth  Sloan 
(Department  of  Medicinal  Chemistry,  University  of  Florida).  Calcein-AM  was  purchased 
from  Molecular  Probes  (Eugene,  OR).  L-a-lecithin,  dioleoylphosphatidylethanolamine 
(DOPE),  and  l,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC)  were  purchased 
from  Avanti  Polar  Lipids  (Alabaster,  AL).  Porcine  esterase  (300  U/mg  protein)  and 
cholesterol  were  purchased  from  Sigma  (St.  Louis,  MO).  All  purchased  or  obtained 
chemicals  were  used  directly  without  additional  purification. 

Ammonium  ferrothiocyanate  (0.1  M)  was  prepared  by  dissolving  8.1  g  of  ferric 
chloride  and  15.2  g  of  ammonium  thiocyanate  in  500  ml  of  distilled  water.  Dodecyl  2- 
(I'-imidazolyl)  propionate  (DIP),  Methyl  1-imidazolyl  laureate  (MIL),  and  N-dodecyl 
imidazole  (DI)  were  synthesized  as  previously  reported  (Chapter  3). 

Cell 

The  SKnSH  (HTB-1 1)  cell  line  was  purchased  from  American  Type  Culture 
Collection  (Rockville,  MD).  The  CV-1  cell  line  was  a  generous  gift  from  Dr.  M.  C.  Cho 
(Department  of  Pharmaceutics,  University  of  North  Carolina). 

Buffer  Preparation 

All  pH  buffers  were  adjusted  with  NaCl  to  an  equal  ionic  strength  (Bodor  et  al, 
1980).  The  pHs  of  the  buffers  (and  their  chemical  compositions)  used  were  as  follows: 
pH  1.4  (420  mM  potassium  chloride  and  80  mM  hydrochloric  acid),  pH  2.8  (123  mM 
citric  acid  and  60  mM  sodium  hydroxide),  pH  4.2  (150  mM  sodium  acetate  and  350  mM 
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glacial  acetic  acid),  pH  5.0  (300  mM  KH2PO4  and  50  mM  Na2HP04),  pH  6.0  (150  mM 
KH2PO4  and  100  mM  Na^HPOJ,  pH  6.5  (120  mM  KH2PO4  and  100  mM  Na2HP04),  pH 
7.0  (80  mM  KH2PO4  and  120  mM  Na2HP04),  and  pH  8.0  (200  mM  KH2PO4  and  188  mM 
sodium  hydroxide). 

Liposome  Preparation 

Instead  of  serving  as  a  nucleic  acid  delivery  system,  liposomes  (L-a-lecithin:  1 ,2- 
dimyristoyl-sn-glycero-3-phosphocholine  (DMPC):  cholesterol;  molar  ratio  6:1:8)  were 
used  as  a  model  membrane  system.  To  maintain  simplicity,  only  neutral  lipids  were 
employed  in  the  liposomal  membrane  system.  While  the  liposomes  may  not  fully 
represent  events  occurring  in  biological  situations  they  still  served  as  excellent  models  in 
addressing  potential  mechanisms  of  lipid  membrane  disruption.  Calcein  (100  mM)  was 
entrapped  within  the  liposomes  as  a  fluorescent  marker  to  monitor  membrane  lysis  events 
and  unentrapped  calcein  was  removed  through  centrifligation  (14,000  rpm,  5  min)  five 
times  and  washed  with  a  pH  7.4  phosphate  buffered  saline  (PBS)  each  time. 

Reverse-phase  evaporation  vesicle  method  (Szoka  &  Papahadjopoulos,  1978)  was 
used  to  produce  unilamellar  vesicles  (600  nm)  using  polycarbonate  membranes  (Poretics; 
Livermore,  CA)  through  a  high  pressure  extruder  three  times  (Lipex  Biomembrane  Inc.; 
Vancouver,  Canada).  The  size  of  the  liposomes  (volume-weight  Gaussian  distribution) 
was  measured  to  be  609±158  nm  (standard  deviation)  by  a  dynamic  light  scattering 
method  using  a  NICOMP  Model  380  ZLS  Zeta  Potential/Particle  Sizer  (Santa  Barbara, 
CA).  The  concentration  of  phospholipid  in  each  experiment  was  measured  by  a 
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modification  of  a  spectrophotometric  technique  (Stewart,  1980).  Briefly,  varying 
amounts  of  L-a-lecithin  (0-50  mg/ml)  were  added  to  test  tubes  containing  2  ml  of  0.1  M 
ammonium  ferrothiocyanate  and  2  ml  of  chloroform.  The  contents  were  mixed 
vigorously  for  1  min  and  centrifuged  at  6,000  rpm  (Safeguard  Centrifuge,  Clay-Adams 
Inc.)  for  5  min  to  fully  separate  the  two  phases.  The  aqueous  phase  was  removed  and  the 
absorbance  of  the  remaining  organic  phase  was  measured  at  488  imi  with  a 
spectrophotometer  (UVA^is  Perkin-Elmer  spectrophotometer  Lambda  3)  to  establish  a 
calibration  curve.  The  concentrations  of  unknown  samples  were  then  determined  from 
the  calibration  curve. 

Methods 

Critical  Micelle  Concentration  Determination 

To  determine  the  critical  micelle  concentration  (CMC)  of  the  ionized 
biodegradable  pH-sensitive  surfactants  (BPS),  surface  tension  measurements  were 
performed  using  a  CRC-DuNoiiy  interfacial  tensiometer  (Martin,  1993).  The  pH  was 
adjusted  to  pH  3.0  in  different  counter  ion  solutions  (HF,  HCl,  HBr,  and  HI)  at  a  constant 
room  temperature  (22°C).  Increasing  amounts  of  BPS  were  added  into  different  solutions 
and  surface  tension  measured.  The  concentration  region  in  which  surface  tension  stopped 
changing  was  recorded  as  the  CMC. 
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Effective  Release  Ratio  Determination  of  Biodegradable  pH-Sensitive  Surfactants 

Unilamellar  liposomes  (600  nm;  10  mnol/ml)  containing  100  mM  calcein  (>self- 
quenching  concentration)  were  suspended  in  a  pH  4.2  acetate  buffer  solution  with 
increasing  amounts  of  biodegradable  pH-sensitive  surfactants  (BPS).  Equilibrium  was 
allowed  to  occur  for  30  min  at  room  temperature.  A  substantial  portion  to  cause 
membrane  lysis  from  most  detergents  has  taken  place  after  30  min  of  incubation  with 
liposomes  (Ruiz  et  al,  1988).  Complete  equilibrium  between  surfactants  and  lipids  can 
take  several  hours  (Lichtenberg  et  al.,  1979).  After  this  time,  however,  surfactant  induced 
release  of  liposomal  contents  can  be  masked  by  the  concomitant  spontaneous  diffusion  of 
solutes  out  of  the  vesicles.  Therefore,  long  time  incubation  with  complete  equilibrium 
may  not  be  appropriate  in  this  study. 

Released  calcein  was  excited  at  496  nm  and  observed  at  517  nm  in  a  Perkin-Elmer 
luminescence  spectrophotometer  LS-50B  at  room  temperature.  The  percentage  of 

released  calcein  was  calculated  by  the  equation  /(%)  =  —j — y-  *  100%  (Liu  &  Regen, 

1993).  Ix  is  the  100%  fluorescence  intensity  value  when  adding  excess  Triton  X-100  (10 
mM);  I3  and  I^  are  the  fluorescence  intensities  after  incubation  with  and  without  BPS, 
respectively.  Effective  release  ratio  (Re)  was  defined  at  the  molar  ratio 
(surfactant/liposome)  when  50%  calcein  was  released.  During  this  process,  the  surfactant 
must  come  in  contact  with  the  lipid  bilayer  and  partition  into  the  hydrophobic 
environment. 
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pH  Sensitivity  of  Biodegradable  pH-Sensitive  Surfactants  on  Liposomal  Calcein 
Release 


To  determine  the  ability  of  biodegradable  pH-sensitive  surfactants  (BPS)  to  cause 
membrane  lysis/leakage  at  different  pHs,  studies  were  conducted  that  varied  the  BPS 
concentration  in  a  solution  of  calcein  containing  liposomes  (10  nmol/ml)  as  described 
above.  Increasing  BPS  concentrations  (0.5  nmol/ml-500  nmol/ml)  were  added  to  four 
buffer  systems  (pH  4.2,  6.0,  6.5,  and  8.0)  containing  liposomes  with  calcein.  The 
suspensions  were  incubated  for  30  min  at  room  temperature  and  the  percentage  of  calcein 

release  was  calculated  by  the  equation  /(%)  =  )"  _j\  *  100%  as  previously  descnbed 
(Liu  &  Regen,  1993). 


Membrane  Lysis  Profile  of  Biodegradable  pH-Sensitive  Surfactants  when 
Incorporated  into  Liposomes 


Different  molar  ratios  (R=0,  R=0.2,  and  R=0.4)  of  biodegradable  pH-sensitive 
surfactants  (BPS)  were  incorporated  into  liposomes  (10  nmol/ml)  containing  100  mM 
calcein  to  observe  the  induced  calcein  release  at  different  pHs.  The  various  BPS- 
liposomes  were  incubated  in  phosphate  buffer  solutions  (pH  5-8)  for  30  min  to  determine 
the  release  characteristics.  The  percentage  of  release  was  then  recorded  and  corrected  by 


the  equation  /(%)  =  jf — y\  *  100%  as  mentioned  previously. 
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Chemical  and  Biological  Stabilities  of  Biodegradable  pH-Sensitive  Surfactants 

The  aqueous  stability  of  biodegradable  pH-sensitive  surfactants  (BPS)  was 
determined  by  incubating  different  concentrations  of  BPS  in  pH  buffers  (pH  1.4-8.0)  with 
5%  dimethyl  sulfoxide  (DMSO)  as  a  co-solvent  at  37°C.  Samples  were  removed 
periodically  and  BPS  concentration  was  quantified  using  an  HPLC  method.  The  HPLC 
system  consisted  of  a  Milton  Roy  CM  4000  pump,  an  LDC  Analytical  3200  absorbance 
detector,  a  Hewlett  Packard  3395  integrator,  and  a  Spectra  Physics  SP  8780  autosampler. 
A  3.9*75  mm  C8  column  (Nova-Pak)  along  with  a  mobile  phase  consisting  of  60%  ' 

acetonitrile  and  40%  10  mM  pH  2.8  NaH2P04  solution  was  used  to  separate  and  ( 

determine  intact  BPS  from  their  degradation  products  at  210  run  (Buyuktimkin  et  al.,  ^ 

1993).  The  flow  rate  was  set  at  1 .0  ml/min.  The  chemical  degradation  rate  constant  was 
obtained  after  plotting  the  peak  height  of  the  intact  BPS  over  time  and  used  to  create  BPS 
pH  hydrolysis  rate  profile. 

To  determine  the  hydrolysis  rate  of  BPS  in  biological  systems,  a  porcine  esterase 
was  used.  Varying  units  of  esterase  were  incubated  at  37°C  with  constant  amount  of  BPS 
in  a  5%i  DMSO  pH  7.0  buffer  solution.  Aliquot  was  removed  at  a  periodic  interval  and 
peak  height  of  the  intact  BPS  was  measured  with  the  HPLC  method  described  above. 
The  biological  rate  constants  of  three  BPS  were  calculated  to  compare  their 
biodegradability. 
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Cellular  Toxicity  Test  of  Biodegradable  pH-Sensitive  Surfactants 

The  cellular  toxicity  of  biodegradable  pH-sensitive  surfactants  (BPS)  was 

monitored  in  an  SKnSH  human  neuroblastoma  cell  line  and  in  a  CV-1  monkey  kidney 

fibroblast  cell  line  with  a  calcein-AM  assay  (Lichtenfels  et  al.,  1994).  To  confirm  the 

toxic  effect  of  DIP  and  MIL  as  a  result  of  their  metabolites,  imidazole,  1 -imidazole 

methanol,  dodecanol,  and  lauric  acid  were  used  to  test  their  individual  cytotoxicity  in  a 

CV-1  cell  line. 

Briefly,  for  the  SKnSH  cell  line,  subconfluent  monolayered  cultures  were  f 

I 

incubated  in  a  96-well  plate  (10^  cells/well)  with  200  \x\  of  RPMI 1640  growth  medium  | 

\ 

(100  U/ml  penicillin,  100  M-g/ml  streptomycin,  and  10%  fetal  bovine  serum)  at  37°C,  5%  \ 

CO2,  and  100%  humidity  environment  for  24  h.  For  the  CV-1  cell  line,  MEM  growth 

I 
medium  (100  U/ml  penicillin,  100  ng/ml  streptomycin,  1  mM  MEM  sodium  pyruvate 

solution,  IX  MEM  amino  acids  solution,  and  \0%  heated  fetal  bovine  serum)  was  used 

instead  of  RPMI  1640.  The  growth  medium  was  then  removed  and  BPS  added  from  1 

I^M  to  1  M  in  200  |al  of  fresh  growth  medium.  The  cells  were  maintained  for  an 

additional  48  h.  After  the  incubation,  cells  were  washed  three  times  with  phosphate 

buffered  saline  and  incubated  with  100  |j,l  of  calcein-AM  (1  [xM)  for  30  min  at  room 

temperature. 

Calcein  fluorescence  intensity  was  then  measured  at  an  excitation  wavelength  of 

496  nm  and  observed  at  517  nm  on  a  Perkin  Elmer  LS  SOB  Spectrophotometer.  The 

percentage  of  live  cells  was  calibrated  as  in  the  following  equation: 
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{Sample  -  Min) 

Live{%)  -  ——- *  100%  ,  where  Max  is  the  fluorescence  signal  from  cells 

{Max -Mm)  ^ 

without  any  treatment,  Min  is  the  fluorescence  signal  without  cells,  and  Sample  is 
fluorescence  signal  from  each  sample.  To  compare  the  difference  among  different 
treatments,  a  parameter  ID50  was  used.  ID50  was  defined  as  the  drug  concentration 
required  to  reduce  the  absorbance  of  calcein  by  50%,  thus  indicating  50%)  cell  death. 

Statistical  Analysis 

Statistical  differences  between  the  treatments  were  determined  using  analysis  of 
variance  where  appropriate  (StatView  4.53,  Abacus  Concepts,  Inc.,  Berkeley,  CA)  with 
p<0.05  considered  statistically  significant  and  Fisher's  (PLSD)  post  hoc  t-test  was 
apphed. 

Results 

Critical  Micelle  Concentration  Determination 

An  important  parameter  in  characterizing  surfactants  is  the  concentration  at  which 
micelles  form.  All  experiments  were  conducted  at  pH  3.0  to  ensure  that  all  biodegradable 
pH-sensitive  surfactants  (BPS)  were  in  an  ionized  state  (>99.9%).  The  critical  micelle 
concentrations  (CMCs)  of  the  ionized  BPS  were  determined  by  using  surface  tension 
measurements  in  different  counter  ion  solution.  As  BPS  concentration  increased,  the 
surface  tension  of  the  solution  sharply  decreased  until  the  formation  of  micelles  occurred 
(Figure  4-1).  In  general,  N-dodecyl  imidazole  (DI)  had  the  highest  CMCs  while  methyl 
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Cone  (mM) 


Figure  4-1:  Critical  micelle  concentration  (CMC)  measurement  of  three  ionized 
biodegradable  pH-sensitive  surfactants  (BPS).  The  CMC  (mean+standard  deviation 
(SD))  was  calculated  in  a  pH  3.0  hydrofluoric  acid  solution  at  room  temperature  with  an 
interfacial  tensiometer  (n=3).  The  concentration  region  at  which  surface  tension 
stabilized  was  recorded  as  the  CMC.  The  CMC  was  determined  to  be  1.0-1.2  mM  for 
ionized  dodecyl  2-(r-imidazolyl)  propionate  (DIP)  (■),  0.6-0.8  mM  for  ionized  methyl 
1-imidazolyl  laureate  (MIL)  (♦),  and  1.0-1.2  mM  for  N-dodecyl  imidazole  (DI)  (A). 
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1-imidazolyI  laureate  (MIL)  had  the  lowest  CMCs  (Table  4-1)  in  all  four  counter  ion 
solutions.  For  all  three  BPS,  HI,  HBr,  HCl,  and  HF  caused  the  CMC  to  decrease  in 
descending  order. 


Table  4-1:  The  critical  micelle  concentration  of  dodecyl  2-(r-imidazolyl)  propionate 
(DIP),  methyl  1-imidazolyl  laureate  (MIL),  and  N-dodecyl  imidazole  (DI)  in  four 
different  counter  ion  solutions  (n=3). 


Solution 

BPS  (mM) 

DIP 

MIL 

DI 

HF 

1.0-1.2 

0.6-0.8 

1.0-1.2 

HCl 

0.9-1.1 

0.6-0.7 

0.9-1.1 

HBr 

1.7-1.9 

1.0-1.2 

1.8-2.2 

HI 

1.6-1.7 

0.8-1.0 

2.5-2.5 

Effective  Release  Ratio  Determination  of  Biodegradable  pH-Sensitive  Surfactants 


Effective  release  ratio  (Re)  describes  the  molar  ratio  of  a  surfactant  to  the  total 
amount  of  lipid  required  to  release  50%  liposomal  contents.  Re  was  determined  by  fitting 
a  sigmoidal  curve  of  calcein  release  from  liposomes  at  increasing  molar  ratios  of 
biodegradable  pH-sensitive  surfactants  (BPS)  to  lipid  using  the  Scientist  computer 
program  (Micromath;  Salt  Lake  City,  Utah).  Re  was  determined  to  be  3.0,  6.0,  and  13.2 
for  dodecyl  2-(r-imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL),  and 
N-dodecyl  imidazole  (DI),  respectively  (Figure  4-2). 
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Figure  4-2:  Ability  of  various  biodegradable  pH-sensitive  surfactants  (BPS)  to  induce 
calcein  release  (mean±SD)  at  increasing  molar  ratios  of  ionized  BPS  from  an  external 
environment  to  liposomes  when  incubated  in  a  pH  4.2  buffer  solution  for  30  min  (n=3). 
The  effective  release  ratio  was  then  determined  to  be  3.0,  6.0  and  13.2  for  dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP)  (•),  methyl  1-imidazolyl  laureate  (MIL)  (■),  and  N- 
dodecyl  imidazole  (DI)  (A),  respectively. 
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pH  Sensitivity  of  Biodegradable  pH-Sensitive  Surfactants  on  Liposomal  Calcein 
Release 


To  determine  whether  biodegradable  pH-sensitive  surfactants  (BPS)  become 
effective  in  acidic  environments  but  have  limited  effect  at  extracellular  biological  pH, 
calcein  containing  liposomes  were  incubated  with  increasing  amounts  of  BPS  at  four  pHs 
(4.2,  6.0,  6.5,  and  8.0).  An  increase  in  fluorescence  intensity  indicated  calcein  release 
that  correlated  to  membrane  lysis. 

Calcein  was  released  sigmoidally  at  pH  4.2  as  the  concentration  of  dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP)  increased  (Figure  4-3a).  When  the  pH  of  the  incubation 
environment  was  increased,  the  percentage  of  calcein  release  was  decreased  at  the  same 
molar  ratio  of  DIP  to  lipid.  With  the  decreased  surface  active  properties  of  DIP  at  pH  8.0, 
calcein  release  was  only  slightly  increased  at  higher  DIP  concentration.  This  release  was 
most  likely  due  to  saturation  of  the  space  between  the  lipid  bilayers  with  increasing 
amount  of  DIP.  Since  distribution  between  the  aqueous  environment  and  lipid  bilayer 
must  occur  for  DIP  to  elicit  membrane  lysis,  no  significant  differences  between  calcein 
release  and  pH  were  observed  until  the  molar  ratio  reached  2  (p<0.01). 

Similar  profiles  were  seen  with  methyl  1 -imidazolyl  laureate  (MIL)  induced 
calcein  release  (Figure  4-3b).  Significant  differences  (p<0.01)  on  calcein  release  were 
observed  at  different  pHs  when  the  molar  ratio  of  MIL  to  lipid  equaled  to  2  or  above. 
However,  compared  to  the  calcein  release  caused  by  DIP  at  the  same  molar  ratio,  MIL 
showed  less  pH  sensitivity  and  less  calcein  release  at  pH  6.0  and  6.5. 
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Figure  4-3:  Effect  of  different  biodegradable  pH-sensitive  surfactants  (BPS)  on  calcein 
release  from  liposomes  when  added  from  an  external  environment  (n=3).  The 
percentages  (mean+SD)  of  release  were  calculated  after  30  min  of  incubation  in  four 
buffer  solutions  (pH  4.2  (♦),  6.0  (H),  6.5  (A),  and  8.0  (■)).  a)  Dodecyl  2-(l'- 
imidazolyl)  propionate  (DIP);  b)  Methyl  1-imidazolyl  laureate  (MIL);  c)  N-dodecyl 
imidazole  (DI). 
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When  DIP  was  replaced  by  N-dodecyl  imidazole  (DI),  similar  profiles  were  seen 
on  calcein  release  at  low  pH  (Figure  4-3  c).  However,  no  significant  difference  was  seen 
on  the  calcein  release  among  the  four  tested  pHs  at  all  observed  molar  ratios. 


Membrane  Lysis  Profile  of  Biodegradable  pH-Sensitive  Surfactants  when 
Incorporated  into  Liposomes 


Since  the  ultimate  goal  was  to  incorporate  biodegradable  pH-sensitive  surfactants 
(BPS)  into  liposomes,  we  determined  the  ability  of  unionized  BPS  incorporated  into 
liposomes  to  be  protonated  at  lower  pHs,  thereby  facilitating  the  release  of  entrapped 
materials.  Liposomes  containing  calcein  were  prepared  with  increasing  molar  ratios 
(R=0,  R=0.2,  and  R=0.4)  of  BPS  and  incubated  at  decreasing  pHs. 

Minimal  calcein  release  was  observed  when  no  dodecyl  2-(r-imidazolyl) 
propionate  (DIP)  was  incorporated  into  the  liposomes  (Figure  4-4a).  As  the  pH 
decreased,  calcein  release  increased  gradually  in  all  groups.  At  each  ratio  group,  calcein 
release  increased  significantly  (p<0.05)  as  pH  dropped  from  6.0  to  5.0.  Significant 
differences  (p<0.05)  of  the  calcein  release  were  also  observed  among  all  molar  ratio 
groups  (R=0,  R=0.2,  and  R-0.4)  at  all  observed  pHs.  Like  DIP,  both  methyl  1- 
imidazolyl  laureate  (MIL)  (Figure  4-4b)  and  N-dodecyl  imidazole  (DI)  (Figure  4-4c) 
caused  calcein  release  in  a  similar  pH-dependent  manner.  Compared  to  other  groups,  the 
system  at  the  R=0.4  group  was  relatively  unstable  at  physiological  pH  probably  due  to  the 
alternations  in  lipid  packing  of  the  liposomes. 

When  comparing  the  calcein  release  caused  by  three  BPS,  significant  differences 
(p<0.05)  were  observed  at  the  R=0.4  group  as  pH  was  6.0  or  5.0.  However,  no 
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Figure  4-4:  Membrane  lysis  profile  of  various  biodegradable  pH-sensitive  surfactants 
(BPS)  when  incorporated  into  liposomes  (n=3).  The  effect  of  pH  and  BPS/liposome 
molar  ratio  (R=0  (♦),  R=0.2  (■),  and  R=0.4  (A))  on  BPS-induced  calcein  release  from 
liposomes  were  plotted  after  30  min  (mean±SD).  a)  Dodecyl  2-(l  '-imidazolyl) 
propionate  (DIP);  b)  Methyl  1 -imidazolyl  laureate  (MIL);  c)  N-dodecyl  imidazole  (DI). 
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Figure  4-4— continued 
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significant  difference  of  the  calcein  release  was  seen  at  the  other  molar  ratio  groups 
(R=0.1  and  R=0.2)  among  these  three  BPS. 

Chemical  and  Biological  Stabilities  of  Biodegradable  pH-Sensitive  Surfactants 

After  releasing  oligonucleotides  to  cytoplasm,  an  ideal  pH-sensitive  surfactants 
must  be  degraded  in  the  intercellular  milieu,  thus  limiting  its  potential  toxicity. 
Biodegradable  pH-sensitive  surfactants  (BPS)  should  be  able  to  be  degraded  by  ester 
hydrolysis  either  chemically  or  enzymatically.  The  hydrolytic  stability  of  BPS  was 
assessed  by  incubating  the  compound  in  pH  buffers  and  monitoring  the  amount  of  the 
starting  material  remaining  intact  (Figure  4-5).  Using  the  Scientist  program  to  fit  the 
degradation  curve,  the  pH-dependent  pseudo-first  order  degradation  rate  constants  (k) 
was  calculated. 

Dodecyl  2-(l  '-imidazolyl)  propionate  (DIP)  was  at  its  most  stable  state  (k=0.055 
day"')  at  pH  2.8.  The  degradation  rate  constant  reached  a  plateau  after  pH  6.0  (k=0.70 
day"')  (Figure  4-6).  Similar  to  DIP,  methyl  1 -imidazolyl  laureate  (MIL)  and  N-dodecyl 
imidazole  (DI)  showed  the  greatest  stabihty  at  pH  2.8  (k=0.050  day"'  and  k=0.0055  day"', 
respectively).  DI  exhibited  the  lowest  rate  constant  among  the  three  BPS  from  pH  1.3  to 
pH  7.0  solutions.  No  difference  in  the  degradation  rate  constant  of  BPS  was  seen  when 
the  pH  was  adjusted  to  8.0.  However,  since  each  pH  buffer  solution  was  composed  of 
different  compounds,  it  might  have  its  individual  catalyst  effect  on  the  chemical  rate 
constant. 

To  assess  the  enzymatic  stability  of  BPS,  we  used  various  amounts  of  porcine 
esterase  as  a  model  enz3ane.  Similar  to  the  determination  of  chemical  degradation  rate 
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Figure  4-5:  Chemical  degradation  profile  of  dodecyl  2-(r-imidazolyl)  propionate  (DIP) 
at  pH  1.4  and  37°C  over  time  (n=3).  The  peak  heights  of  intact  DIP  were  obtained  at 
various  time  points  (mean±SD).  Using  the  Scientist  program  to  fit  the  degradation  curve, 
the  pseudo-first  order  degradation  rate  constant  (k)  was  determined  to  be  0.36  (/day). 
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Figure  4-6:  Chemical  degradation  pH-rate  profiles  of  three  biodegradable  pH-sensitive 
surfactants  (BPS).    The  rate  constant  (mean±SD)  measured  at  37'^C  of  dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP)  (■),  methyl  1-imidazolyl  laureate  (MIL)  (♦),  and  N- 
dodecyl  imidazole  (DI)  (A)  was  plotted  against  pH  (n=3). 
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stability  of  BPS  was  assessed  by  monitoring  the  amount  of  the  starting  material 
remaining  intact  in  a  pH  7.0  buffer  solution  (Figure  4-7).  Figure  4-8  showed  the 
biological  degradation  rate  profile  of  BPS  at  various  ratios  of  esterase/BPS.  MIL  was 
more  biodegradable  than  DIP  through  out  the  tested  ratios.  Furthermore,  DI  was  almost 
insensitive  to  the  addition  of  the  esterase. 

Cellular  Toxicity  Test  of  Biodegradable  pH-Sensitive  Surfactants 

A  more  important  parameter  than  biodegradability  of  biodegradable  pH-sensitive 
surfactants  (BPS)  is  the  cytotoxicity.  Biodegradability  of  BPS  relates  to  levels  of  cellular 
toxicity.  A  commonly  used  calcein-AM  assay  was  used  to  measure  the  cellular  toxicity 
of  BPS.  Calcein-AM  is  a  lipophilic  ester  compound  without  fluorescent  activity.  After 
diffusion  into  cells,  calcein-AM  is  degraded  into  calcein,  a  fluorescence  chemical,  by 
endogenous  enzymes.  The  percentage  of  live  cells  is  then  calculated  indirectly  fi-om  the 
fluorescence  signal  of  calcein.  The  higher  the  signal,  the  more  cells  surviving. 

In  SKnSH  cells,  the  ID50  (Figure  4-9a)  was  determined  to  be  1  mM,  8  mM,  and 
0.07  mM  for  dodecyl  2-(r-imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate 
(MIL)  and  N-dodecyl  imidazole  (DI),  respectively.  In  CV-1  cells,  the  ID50  (Figure  4-9b) 
was  measured  at  20  mM,  300  mM,  and  0.3  mM  for  DIP,  MIL,  and  DI,  respectively.  For 
the  possible  metabolites  from  DIP  and  MIL,  the  ID50  was  70  mM  for  imidazole,  7  mM  for 
dodecanol,  800  mM  for  1 -imidazole  methanol,  and  9  mM  for  lauric  acid  in  CV-1  cells 
(Figure  4-10). 

DI  showed  the  highest  cytotoxic  effect  and  was  one  and  two  orders  of  the 
magnitude  more  toxic  than  DIP  in  SKnSH  and  CV-1  cells,  respectively.  On  the  contrary, 
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Figure  4-7:  Biological  degradation  profile  of  0.65  |j,mole  of  dodecyl  2-(r-imidazolyl) 
propionate  (DIP)  when  incubated  with  0.9  U  of  porcine  esterase  at  pH  7.0  and  37°C  over 
time.  The  peak  heights  of  the  intact  DIP  were  obtained  at  various  time  points.  Using  the 
Scientist  program  to  fit  the  degradation  curve,  the  pseudo-first  order  degradation  rate 
constant  (k)  was  determined  to  be  0.99  (/h). 
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Figure  4-8:  Biological  degradation  rate  profile  of  biodegradable  pH-sensitive  surfactants 
(BPS).  Various  ratios  (U/|amole)  of  porcine  esterase  to  three  BPS  (dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP)  (■),  methyl  1-imidazolyl  laureate  (MIL)  (♦),  and  N- 
dodecyl  imidazole  (DI)  (A))  were  plotted  against  degradation  rate  constants  (mean±SD) 
in  a  pH  7.0  buffer  solution  at  37°C  (n=4).  The  linear  relationship  between  the 
degradation  rate  constant  of  each  BPS  and  the  ratio  of  esterase  to  BPS  was  also  shown. 
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Figure  4-9:  Cytotoxic  effect  of  biodegradable  pH-sensitive  surfactants  (BPS)  on  two  cell 
lines  measured  by  a  calcein-AM  assay  after  48  h  of  incubation.  Data  were  expressed  as 
meaniSD.  a)  In  SKnSH  cells,  the  ID50  (50%  live  cells)  of  methyl  1-imidazolyl  laureate 
(MIL)  (A),  dodecyl  2-(r-imidazolyl)  propionate  (DIP)  (■),  andN-dodecyl  imidazole 
(DI)  (♦)  was  visually  determined  to  be  8  mM,  1  mM,  and  0.07  mM,  respectively  (n=4). 
b)  In  CV-1  cells,  the  ID50  of  MIL  (A),  DIP  (■),  and  DI  (♦)  was  visually  determined  to 
be  300  mM,  20  mM,  and  0.3  mM,  respectively  (n=4). 
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Figure  4-9— continued 
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Figure  4-10:  Cj^otoxic  effect  of  possible  metabolites  from  biodegradable  pH-sensitive 
surfactants  (BPS)  on  CV-1  cells  measured  by  a  calcein-AM  assay  after  48  h  of 
incubation.  The  ID50  (50%  live  cells)  was  determined  to  be  70  mM  for  imidazole  (♦),  7 
mM  for  dodecanol  (•),  800  mM  for  1 -imidazole  methanol  (■),  and  9  mM  for  lauric  acid 
(X ),  respectively  (n=4).  Data  are  expressed  as  mean±SD. 
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MIL  exhibited  the  least  cytotoxicity  compared  to  the  other  two  BPS  and  was  one  order  of 
the  magnitude  less  toxic  than  DIP  in  both  cell  lines.  The  possible  metaboHtes,  imidazole 
and  dodecanol,  from  DIP  were  more  toxic  than  those  metabolites,  1 -imidazole  methanol 
and  lauric  acid,  from  MIL  in  CV-1  cells. 

Discussion 

Imidazolyl  based  lipids  have  been  used  successfully  for  in  vitro  delivery  of 
nucleic  acids  (Solodin  et  al.,  1995)  estabhshing  a  rational  for  the  use  of  imidazole.  Most 
non-viral  delivery  systems  enter  cells  through  endocytosis.  The  most  significant 
characteristic  of  endosomes  is  the  pH  gradient  from  inside  the  endosome  to  the 
intracellular  space. 

Dodecyl  2-(r -imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL), 
and  N-dodecyl  imidazole  (DI)  are  imidazolyl  based  surfactants  in  the  biodegradable  pH- 
sensitive  surfactants  (BPS)  family  which  have  been  proposed  to  facilitate  the  transport  of 
nucleic  acid  through  the  endosomal  pathway.  BPS  take  advantage  of  the  acidic 
environment  within  endosomes  to  protonate  a  lysosomotropic  amine  thus  increasing  their 
surface  active  properties.  After  BPS  become  ionized,  they  can  assist  the  destabilization 
of  the  endosomal  membrane.  To  lessen  adverse  effects  of  the  ionized  BPS,  an  ester  bond 
was  introduced  into  DIP  and  MIL's  structure  making  it  biodegradable.  In  a  preliminary 
study  (Hughes  et  al.,  1996),  DIP  has  been  shown  to  reduce  the  concentration  of 
oligonucleotides  required  to  produce  a  biological  effect  using  a  tissue  culture  system.  In 
this  report,  the  physicochemical  properties  of  three  BPS  were  systematically 
characterized. 
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The  number  of  possible  analogs  of  the  BPS  family  can  be  immense,  hi  order  to 
determine  what  physicochemical  parameters  influence  the  biological  activity  of  BPS,  a 
series  of  evaluative  tests  associated  with  surfactants  were  established.  Presently,  it  is  not 
clear  which  measured  parameter  would  be  useful  in  the  characterization  of  BPS  for 
nucleic  acid  delivery.  The  current  established  methods  have  been  optimized  for  studying 
small  molecule  transport  instead  of  macromolecules  such  as  oligonucleotides  and  plasmid 
DNA. 

The  first  parameter  determined  for  BPS  was  the  critical  micelle  concentration 
(CMC).  The  more  hydrophilic  a  surfactant,  the  higher  the  CMC  (Rosen,  1989).  From  the 
chemical  structures,  DI,  DIP,  and  MIL  had  decreasing  orders  of  hydrophilicity.  As  a 
result  of  this  difference,  DI,  DIP,  and  MIL  had  decreasing  orders  of  CMC  in  general.  As 
the  size  of  the  counter  ion  increased,  the  surfactant  became  more  hydrophilic  thus 
obtaining  the  higher  CMC. 

CMC  is  an  essential  parameter  in  describing  surfactants  (i.e.,  hydrophilicity, 
surface  excess);  however,  it  may  not  be  the  best  parameter  to  measure  the  ability  of  a 
surfactant  to  cause  membrane  lysis  (Lichtenberg,  1985;  Ruiz  et  al.,  1988).  Therefore,  the 
effective  release  ratio  (Re)  was  utilized  to  describe  the  abiUty  of  BPS  to  lyse  membranes. 
The  lower  the  Re,  the  less  surfactant  required  to  lyse  membranes. 

For  basic  amines  such  as  BPS,  the  intrinsic  ionization  constant  (pKa  5-7)  and 
local  pH  environment  determine  the  percent  ionized.  The  relationship  can  be  expressed 

r  DO'+"| 

in  Henderson-Hasselbach  equation:  pKa  =  pH  +  \og- ,  where  [BH^]  and  [B] 

represents  the  ionized  and  un-ionized  bases,  respectively.  From  the  perspective  of  their 
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chemical  structxires,  DI,  DIP,  and  MIL  were  expected  to  have  a  decreasing  order  of  pKa. 
This  difference  between  the  pKa  reflects  the  different  amount  of  ionized  BPS  that  can  be 
converted  at  the  same  pH  environment.  While  pKa  is  an  important  factor  that  determines 
the  amount  of  ionized  BPS  and  further  influence  the  liposomal  content  release,  the  ability 
of  different  BPS  partition  into  the  liposomal  membranes  at  different  pHs  should  be  also 
considered. 

Comparing  these  three  agents,  with  the  highest  pKa  and  no  chemical  hindrance 
(i.e.,  straight  hydrocarbon  chain)  that  facilitated  partition  into  liposomes  more  easily,  DI 
was  almost  indiscriminate  to  various  pH  environments  resulting  in  a  similar  calcein 
release  profile.  For  the  MIL  treated  liposome  group,  on  the  other  hand,  a  limited  amount 
of  calcein  was  detected  at  pH  6.0,  6.5,  and  8.0  because  of  its  lowest  pKa  and  chemical 
hindrance  effect  (i.e.,  ester  linker)  that  might  decrease  the  partition  of  MIL  into 
liposomes. 

However,  with  the  median  pKa  value  and  chemical  hindrance  (i.e.,  ester  linker 
and  branched  methyl  group)  of  DIP,  more  calcein  was  released  than  MIL  as  pH  was 
decreased  from  8.0  to  6.5  or  6.0.  With  these  two  factors  (i.e.,  pKa  and  partition 
coefficient),  the  calcein  release  profiles  were  therefore  established  in  various  pH 
environments. 

The  ability  of  BPS  to  release  liposome-entrapped  molecules  was  tested  as  a  proof 
of  the  compound's  pH  sensitivity  based  on  the  principle  experiment.  As  the 
BPS/liposome  molar  ratio  was  increased  and/or  pH  decreased,  more  calcein  was  released 
from  the  liposome  model  system.  Calcein  release  induced  by  BPS  when  incorporated 
into  the  liposome  system  was  slightly  higher  than  that  caused  by  BPS  when  added  to  a 
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solution  containing  calcein  liposomes.  The  greater  release  could  be  due  to  the  dilution  of 
BPS  or  may  be  related  to  partitioning  barriers. 

An  interesting  finding  was  observed  between  the  release  of  liposome  entrapped 
calcein  when  BPS  were  added  externally  as  compared  to  direct  incorporation  into  the 
liposome  matrix.  All  three  BPS  demonstrated  similar  release  profiles  when  the  uninoized 
BPS  agent  was  incorporated  into  the  liposome  illustrating  they  most  likely  have  similar 
mobility  within  the  bilayer.  When  the  three  agents  were  added  firom  the  external  phase  to 
preformed  liposomes  there  was  a  drastic  difference  between  the  release  profiles  of  BPS 
with  ester  linkages  (e.g.,  DIP  and  MIL)  as  compared  to  the  alkyl  chain  analog  (DI)  which 
demonstrated  little  pH  dependency. 

This  effect  is  also  possibly  due  to  the  change  of  pKa  at  the  interface  between  the 
monolayer  of  the  liposome  and  the  solution.  However,  it  is  unlikely  that  this  lack  of  pH 
dependency  is  solely  due  to  changes  in  the  pKa  of  BPS.  The  different  profiles  may 
reflect  the  ease  of  BPS  to  partition  into  the  bilayer.  BPS  with  a  more  polar  head  group 
(e.g.,  ester  containing)  would  be  expected  to  have  added  resistance  in  membrane 
partitioning. 

After  releasing  membrane  entrapped  molecules  in  a  pH-sensitive  manner,  the 
biodegradability  of  BPS  was  confirmed.  Due  to  its  possible  increased  stable  metabolites 
and  lack  of  chemical  hindrance,  MIL  was  more  biodegradable  than  DIP  (Figure  4-8).  On 
the  other  hand,  without  any  biodegradable  bond  (e.g.,  ester),  DI  showed  no  difference  of 
the  degradation  rate  constants  when  incubated  in  biological  media.  The  degradation  rate 
of  BPS  in  vivo  would  be  expected  to  be  greater  due  to  the  higher  number  of  esterase  (e.g., 
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lipase)  molecules.  After  the  release  of  BPS  from  the  liposomal  membrane,  these 
molecules  would  be  available  for  BPS  metabolism. 

A  major  concern  with  the  use  of  agents  to  enhance  oligonucleotide  delivery  is  that 
any  compound  added  to  a  delivery  vector  might  contribute  to  the  toxicity  of  the  system. 
The  toxicity  of  a  given  compound  is  often  related  to  its  stability;  therefore,  the 
biodegradability  of  BPS  may  decrease  its  cellular  toxicity.  In  the  calcein-AM  assay,  the 
addition  of  an  ester  group  to  the  surfactant  resulted  in  a  less  toxic  effect  as  compared  to 
N-dodecyl  imidazole,  a  first  generation  lysosomotropic  detergent  (De  Duve  et  al.,  1974), 
by  one  to  two  orders  of  magnitude  in  two  different  cell  lines.  It  was  also  shown  that  the 
less  toxic  effect  of  MIL  compared  to  DIP  was  the  possible  resuh  of  the  less  toxic 
metabolites  from  MIL  than  those  from  DIP.  While  this  study  implies  that  ester 
containing  imidazole  based  surfactants  are  less  toxic  than  their  straight  chain  analogs,  it  is 
unclear  how  the  toxicity  of  BPS  alone  will  compare  to  cationic  liposome  mediated 
delivery. 

The  rate  and  efficiency  of  oligonucleotide  release  from  lipid  compartments 
depend  on  the  characteristics  of  the  surfactant.  Biodegradable  pH-sensitive  surfactants 
(BPS)  must  be  stable  enough  in  the  biological  miheu  to  induce  a  therapeutic  effect. 
However,  after  facilitating  oligonucleotides  to  their  sites  of  action,  BPS  must  be 
metabolized  into  less  toxic  lysosomotropic  amines  and  hydrocarbon  chain  components  to 
prevent  cellular  toxicity.  BPS  are  similar  to  the  first  generation  lysosomotropic 
detergents  with  their  long  lasting  surface  active  property  in  a  pH-dependent  manner. 
However,  they  have  much  higher  biodegradability  because  of  the  bridge  connector  which 
can  be  hydrolyzed  into  less  toxic  compounds. 
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Conclusion 


The  ultimate  goal  of  this  project  was  to  adjust  chemical  characteristics  of  BPS 
components,  head  and  tail  groups,  in  order  to  optimize  BPS-induced  release  of 
oligonucleotides  from  membrane  compartments.  Furthermore,  BPS  would  have 
minimum  cellular  toxicity  with  the  introduction  of  a  biodegradable  linker.  At  present,  the 
critical  micelle  concentration  (CMC),  effective  release  ratio  (Re),  biodegradability,  and 
cytotoxicity  of  these  three  BPS  have  little  biological  relevance.  As  more  diverse  BPS  are 
established  and  characterized  with  these  mentioned  parameters,  it  is  hoped  that  particular 
physicochemical  properties  will  be  predictive  of  promoting  oUgonucleotide  biological 
activity. 


CHAPTER  5 
DELIVERY  SYSTEM  EVALUATION  OF  BIODEGRADABLE  pH-SENSITIVE 

SURFACTANTS 


Introduction 

Oligonucleotides  must  reach  their  sites  of  action  (cytoplasm  or  nucleus)  to 
hybridize  with  their  targets  to  exert  their  effect  (Agrawal  &  Iyer,  1997).  However,  the 
cellular  dehvery  of  free  oligonucleotides  is  very  poor  (Akhtar  et  al.,  19916;  Stein  & 
Cheng,  1993).  One  strategy  to  improve  the  delivery  of  the  oligonucleotide  is  to  use 
liposomes  which  can  carry  oligonucleotides  with  the  vehicles  and  increase  the 
intracellular  accumulation  via  endocytosis.  Liposomes  can  deliver  ohgonucleotides  to 
the  cells  but  the  obstacle  of  escaping  from  endosomes  still  remains.  A  series  of 
biodegradable  pH-sensitive  surfactants  (BPS)  were  developed  to  conquer  the  potential 
pitfall  that  the  liposome  delivery  system  might  have  and  to  further  enhance  cellular 
delivery  of  the  oligonucleotide. 

In  previous  studies,  the  physicochemical  properties  of  BPS  were  characterized. 
They  were  shown  to  be  able  to  induce  membrane  lysis  in  a  pH-  and  molar  ratio- 
dependent  maimer  (Chapter  4).  Nevertheless,  the  BPS-liposome  system  has  not  yet  been 
tested  using  a  biological  system.  Therefore,  we  further  evaluated  the  BPS-liposome 
delivery  system  in  vitro. 
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To  evaluate  oligonucleotide  cellular  uptake  with  the  BPS-liposome  system,  flow 
cytometry  was  employed.  Another  screening  method  that  addressed  oligonucleotide 
cellular  delivery  was  the  use  of  laser  scanning  confocal  microscopy  (Fisher  et  al.,  1993). 
We  used  this  technique  to  investigate  oligonucleotide  cellular  uptake  and  distribution  that 
the  BPS-liposome  delivery  system  affected.  Additionally,  we  quantitatively  monitored 
the  inhibition  effect  of  oligonucleotides  in  BPS-liposomes  on  luciferase  enzyme  activity 
(Brasier  et  al.,  1989). 


Materials  f 


Chemical 

Dihydrogen  potassium  phosphate,  EDTA,  formaldehyde  solution,  and  Triton  X- 
100  were  bought  from  Fisher  Scientific  (Pittsburgh,  PA).  Adenosine  triphosphate, 
dithiothreitol  (DTT),  magnesium  sulfate,  and  tricine  were  purchased  from  Sigma  (St. 
Louis,  MO).  BCA  Protein  Assay  Kit  was  obtained  from  Pierce  (Rockford,  IL)  and  Label 
IT  fluorescein  Nucleic  Acid  Labeling  Kit  from  Minis  (Madison,  WI).  The  pGL3  plasmid 
DNA  was  obtained  from  Mr.  Fuxing  Tang  in  the  Department  of  Pharmaceutics, 
University  of  Florida.  D-luciferin  was  purchased  from  Molecular  Probes  (Eugene,  OR). 
L-a-lecithinandN-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammonium 
methylsulfate  (DOTAP)  was  purchased  from  Avanti  Polar  Lipids  (Alabaster,  AL).  Three 
biodegradable  pH-sensitive  surfactants  (BPS),  dodecyl  2-(r-imidazolyl)  propionate 
(DIP),  methyl  1-imidazolyl  laureate  (MIL),  and  dodecyl  imidazole  (DI)  were  synthesized 
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as  previously  reported  (Chapter  3).  All  purchased  or  obtained  chemicals  were  used 
directly  without  additional  purification. 

Cell 

The  CV-1  luciferase  expressing  cell  line  was  a  generous  gift  from  Dr.  M.  C.  Cho 
of  the  University  of  North  Carolina.  The  RAW  264.7  (TIB-71)  cell  line  was  purchased 
from  the  American  Type  Culture  Collection  (Rockville,  MD). 

Methods 


Oligonucleotide  and  Plasmid  DNA  Cellular  Uptake  Evaluation  Using  Flow 
Cytometry 


Oligonucleotide  synthesis  and  liposome  preparation 

Phosphorothioate  oUgonucleotides  (15  bases;  5'-TGG  CGT  CTT  CCA  TTT-3') 
labeled  with  fluorescein  isothiocyanate  (FITC)  at  the  5 '-end  were  synthesized  in  the  DNA 
Core  Synthesis  Lab  at  the  University  of  Florida.  Oligonucleotides  were  used  directly 
without  additional  purification.  pGL3  plasmid  DNA  with  a  size  of  5256  bp  and  purity  of 
1 .9  (A260/A280)  was  labeled  with  fluorescein  using  a  Mirus  Label  IT  Nucleic  Acid 
labeling  Kit.  Simply,  100  ^g  of  the  plasmid  DNA  (2.25  mg/ml)  reacted  with  100  |al  of 
fluorescein  reagent  at  1:1  (w/v)  ratio  was  dilute  to  a  final  concentration  of  0.1  mg/ml  in 
IX  labeling  buffer  and  incubated  at  37°C  for  1  h.  The  unreacted  labeling  reagent  was 
removed  from  labeled  nucleic  acid  by  sephadex  G50  spin  columns  at  a  force  of  720*g  for 
2  min  and  then  the  purified  sample  collected. 


CationicN-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammomum 
methylsulfate  (DOTAP)  liposomes  were  made  as  a  control  vector  for  nucleic  acid 
delivery.  Biodegradable  pH-sensitive  surfactants  (BPS)  at  various  molar  ratios  were 
combined  with  DOTAP  to  create  liposomes.  After  liposomes  were  rehydrated,  a  Sonic 
Dismembrator  60  probe  was  used  to  form  small  unilamellar  vesicles  by  applying  5  Watts 
of  power  for  10  s  to  the  liposome  suspension  and  keeping  on  ice  for  30  s.  The  cycle  was 
repeated  until  a  clear  solution  was  seen.  The  size  of  the  liposomes  (volume-weight 
Gaussian  distribution)  was  determined  to  be  55.2±26.1  nm  (standard  deviation)  by  a 
dynamic  light  scattering  method  using  a  NICOMP  380  ZLS  Zeta  Potential/Particle  Sizer 
(Santa  Barbara,  CA). 
Cell  preparation 

Monolayered  CV-1  (monkey  kidney  fibroblast)  cells  were  incubated  in  24-well 
plates  (5*10^  cells/well)  with  1  ml  of  MEM  growth  medium  in  each  well  at  37°C,  5% 
CO2,  and  a  100%  humidity  environment  for  24  h.  The  medium  included  100  U/ml 
penicillin,  100  ^ig/ml  streptomycin,  1  mM  MEM  sodium  pyruvate  solution,  IX  MEM 
amino  acids  solution,  and  10%  heated  fetal  bovine  serum. 
Experimental  procedures 

Either  37.5  nmole  of  the  liposome  (DOTAP  or  DOTAP-dodecyl  2-(l'-imidazolyl) 
propionate  (DIP)  at  molar  ratio  0.3  (R=0.3))  was  complexed  with  0.25  nmole  of  the 
FITC-ohgonucleotide  or  20  |ag  of  the  liposome  with  1  |^g  of  the  plasmid  DNA  in  each 
well  for  30  min.  The  charge  ratio  (+/-)  of  DOTAP  to  ohgonucleotide  was  set  to  be  10 
which  was  proposed  as  the  optimal  ratio  in  other  similar  study  (Zelphati  &  Szoka, 
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1996a).  The  charge  ratio  (+/-)  of  DOTAP  to  plasmid  DNA  was  also  set  to  be  10  to 
exclude  the  possible  charge  interference  when  these  two  types  of  nucleic  acid  were 
compared.  The  liposome-nucleic  acid  complex  was  added  into  500  ^il  of  serum  free 
MEM  growth  medium  after  the  MEM  growth  medium  in  each  well  was  removed.  After  4 
h  of  incubation,  the  serum  free  MEM  growth  medium  including  the  liposome-nucleic 
acid  complex  was  discarded  and  replaced  with  1  ml  of  fresh  growth  medium.  The  cells 
were  harvested  at  various  time  points  and  analyzed  by  flow  cytometry. 

In  the  second  part  of  the  experiments,  all  three  BPS  (DIP,  methyl  1-imidazolyl 
laureate  (MIL),  and  N-dodecyl  imidazole  (DI))  were  incorporated  into  cationic  DOTAP 
liposomes  at  four  molar  ratios  (R=0,  R=0.1,  R=0.2,  and  R=0.3).  After  a  30-min  period  of 
complexation,  either  37.5  nmole  of  the  liposome  with  0.25  nmole  of  the  fluorescein- 
labeled  oUgonucleotide  or  20  jig  of  the  liposome  with  1  p,g  of  the  fluorescein-labeled 
plasmid  DNA  with  at  a  charge  ratio  of  10  (+/-)  was  incubated  with  CV-1  cells  in  500  )j.l 
of  serum  free  growth  medium.  After  4  h,  the  cells  were  harvested  and  then  analyzed  by 
flow  cytometry. 
Flow  cytometry 

In  order  to  minimize  the  nucleic  acids  adsorbed  onto  cells,  the  cells  were  washed 
twice  with  phosphate  buffered  saline  (PBS)  and  lifted  from  the  wells  before  analyzing  the 
samples.  The  cells  were  then  transferred  to  tubes  and  centriftiged  at  1,200  rpm  for  5  min. 
The  supernatant  (800  fil)  was  decanted  and  resuspended  with  800  i^l  of  PBS.  The  above 
procedure  was  repeated  twice  and  the  samples  kept  on  ice  until  analysis.  To  address 
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nucleic  acid  cellular  uptake  in  some  studies,  rather  than  using  PBS  in  the  final  step,  2% 
formaldehyde  was  added  into  the  tubes  for  30  min  to  fix  the  cells. 

The  signals  emitted  from  the  FITC-oligonucleotide  (or  fluorescein-plasmid  DNA) 
were  performed  by  a  Becton  Dickinson  FACSort  flow  cytometer  (San  Jose,  CA).  Green 
fluorescence  was  monitored  with  a  530/30  nm  bandpass  filter,  and  photomultiplier  tube 
pulses  were  amplified  logarithmically.  Ten  thousand  cells  were  counted  at  a  flow  rate 
between  100  and  200  cells  per  second.  Cells  were  gated  with  their  morphological 
properties,  forward  scatter  and  side  scatter,  set  on  logarithmic  mode.  The  mean 
fluorescence  intensity  of  the  related  populations  of  cells  was  calculated  using  histograms 
and  expressed  in  arbitrary  units  corresponding  to  an  intensity  channel  number  ranging 
from  0  to  1,023  using  a  LYSYS  II  program  (Becton  Dickinson;  San  Jose,  CA). 


Oligonucleotide  Cellular  Uptake  and  Distribution  Evaluation  with  Confocal 
Microscopy 


Oligonucleotide  synthesis  and  liposome  preparation 

Fifteen  bases  of  poly-A  phosphorothioate  oligonucleotides  labeled  with 
fluorescein  isothiocyanate  (FITC)  at  the  5 '-end  were  synthesized  in  the  DNA  Core 
Synthesis  Lab  at  the  University  of  Florida.  They  were  used  directly  without  additional 
purification. 

Two  different  lipid  formulations  were  used:  L-a-lecithin  and  L-a-lecithin  with 
dodecyl  2-(l  '-imidazolyl)  propionate  (DIP)  at  molar  ratio  0.3  (R=0.3).  The  lipid 
rehydration  method  was  used  to  form  neutral  liposomes  as  FITC-labeled  oligonucleotides 
dissolved  in  the  aqueous  solvent.  To  increase  the  encapsulation  efficiency  of 
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oligonucleotides  into  the  liposomes,  five  freeze-and-thaw  cycles  were  employed  after  a 
30-min  period  of  hand  shaking. 

The  liposomes  were  then  passed  three  times  through  600-nm  polycarbonate 
membranes  (Poretics;  Livermore,  CA)  using  a  high  pressure  extruder  (Lipex 
Biomembrane  Inc.;  Vancouver,  Canada).  The  concentration  of  the  phospholipid  was 
calculated  as  previously  reported  (Chapter  4).  The  volume-weight  Gaussian  distribution 
of  the  liposome  size  was  determined  to  be  630+265  nm  (standard  deviation)  by  a  dynamic 
Ught  scattering  method  using  a  NICOMP  380  ZLS  Zeta  Potential/Particle  Sizer  (Santa 
Barbara,  CA). 
Cell  preparation 

Before  plating  RAW  264.7  (mouse  monocyte-macrophage)  cells,  a  cover  slip  was 
placed  in  each  well  of  12-well  plates  for  later  observation  on  a  confocal  microscope. 
Each  well  containing  a  cover  slip  was  treated  with  300  |il  of  collagen  in  a  0.02  M  acetic 
acid  solution  (50  p,g/ml)  and  incubated  at  room  temperature.  After  1  h,  the  solution  was 
removed  by  rinsing  with  phosphate  buffered  saline  (PBS)  three  times.  The  plates  were 
then  ready  for  use. 

Subconfluent  monolayered  RAW  264.7  cells  were  cultured  in  the  12-well  plates 
(2*10^  cells/well)  with  1  ml  of  DMEM  growth  medium  in  each  well  at  37°C,  5%  COj, 
and  a  100%  humidity  environment  for  24  h.  The  medium  included  100  U/ml  penicillin, 
100  i^g/ml  streptomycin,  and  10%  fetal  bovine  serum. 
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Experimental  procedures 

After  the  incubation,  the  growth  medium  in  each  well  was  replaced  with  500  p.1  of 
serum  free  medium  containing  same  amount  of  starting  FITC-oligonucleotides  as  the 
following  preparations. 
'  •     FITC-ohgonucleotide 

j 

i 

\  •     FITC-ohgonucleotide+liposome(100irmole) 

■'  •     FITC-oligonucleotide+DIP-liposome  (R=0.3)  (120  mnole) 

Confocal  microscopy 

After  4  h  of  incubation  in  serum  free  medium,  10%  fetal  bovine  serum  was  added. 

\  At  the  end  of  each  sampling  time  (4  h,  8  h,  and  24  h),  the  wells  were  washed  with  PBS 

;  and  cells  fixed  in  2%  formaldehyde  for  30  min.  The  cover  slips  were  transferred  to  the 

i 

i  shdes  with  Gel/Mount.  Cellular  uptakes  and  distributions  of  the  oligonucleotides  were 

?  then  viewed  and  compared. 

i  Cells  incubated  with  FITC-labeled  oligonucleotides  were  imaged  using  a  Biorad 

j  MRC-600  laser  scanning  confocal  microscope  equipped  with  a  krypton/argon  laser  at  the 

'I  Center  of  Structural  Biology,  University  of  Florida.  Images  were  collected  on  an 

■■ 

I  Olympus  IMT-2  inverted  microscope  using  the  488/568  nm  line  at  which  the  excitation 

J  light  was  attenuated  with  a  1  %  neutral  density  fdter  to  minimize  photobleaching  and 

photodamage. 
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Quantitative  Effect  Evaluation  of  Luciferase  Activity 

Oligonucleotide  synthesis  and  liposome  preparation 

Phosphorothioate  oligonucleotides  with  an  antisense  sequence  (15  bases;  5'-TGG 
CGT  CTT  CCA  TTT-3')  and  a  sense  sequence  (15  bases;  5'-TTT  ACC  TTC  TGC  GGT- 
3')  were  synthesized  in  the  DNA  Core  Synthesis  Lab  at  the  University  of  Florida.  They 
were  used  directly  without  further  purification. 

Since  molar  ratio  did  not  play  a  significant  role  in  characterizing  oligonucleotide 
cellular  uptake  induced  by  BPS-liposomes,  to  minimize  cytotoxicity  associated  with  DIP, 
a  molar  ratio  0.1  of  DIP  to  DOTAP  (R=0.1)  was  used  in  our  subsequent  biological 
evaluation  study.  A  cationic  lipid,  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N- 
trimethylammonium  methylsulfate  (DOTAP)  with  or  without  dodecyl  2-(r-imidazolyl) 
propionate  (DIP)  were  mixed  to  create  liposomes.  After  liposomes  were  rehydrated,  as  in 
the  previous  set  of  experiment,  a  Sonic  Dismembrator  60  probe  was  used  to  form  small 
unilamellar  vesicles  (30-70  nm)  and  size  distribution  of  the  liposomes  confirmed  by  a 
NICOMP  380  ZLS  Zeta  Potential/Particle  Sizer  (Santa  Barbara,  CA). 
Cell  preparation 

Subconfluent  CV-1  luciferase  expressing  cells  were  grown  in  24-well  plates 
(2*10^  cells/well)  with  1  ml  of  MEM  growth  medium  in  each  well  at  37°C,  5%  CO^,  and 
a  100%  humidity  environment  for  24  h.  The  medium  included  100  U/ml  penicillin,  100 
fo^g/ml  streptomycin,  1  mM  MEM  sodium  pyruvate  solution,  IX  MEM  amino  acid 
solution,  and  10%  heated  fetal  bovine  serum. 
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Experimental  procedures 

For  each  lipid  formulation  (DOTAP  or  DP-DOT AP  (R=0.1)),  there  were  four 
treatments  to  investigate  the  effect  which  DIP  might  have  on  inhibiting  enzyme 
expression. 

•  Antisense  oligonucleotide+liposome 

•  Sense  oligonucleotide+liposome 

•  Antisense  oligonuleotide 

•  Liposome 

Before  adding  oligonucleotides  into  wells,  various  concentrations  of  the  liposome 
were  complexed  with  the  oligonucleotide  at  a  charge  ratio  of  10  (+/-)  for  30  min.  The 
growth  medium  in  each  well  was  removed  and  the  liposome-oligonucleotide  complex 
added  into  500  [x\  of  serum  free  growth  medium.  After  4  h  of  incubation,  the  growth 
medium  including  the  liposome-oligonucleotide  complex  was  discarded  and  replaced 
with  new  growth  medium  containing  10%  fetal  bovine  serum.  The  system  was  incubated 
for  another  20  h  before  the  final  analysis  of  luciferase  activity. 
Luciferase  assay 

The  growth  medium  was  removed  and  the  cells  washed  with  1  ml  of  pH  7.4 
phosphate  buffered  saline  (PBS).  After  removing  PBS,  cells  were  lysed  with  100  |j,l  of 
pH  7.8  luciferase  lysis  buffer  (O.IM  dihydrogen  potassium  phosphate,  2  mM  EDTA,  1% 
Triton  X-lOO,  and  1  mM  dithiothreitol  (DTT)).  The  plate  was  then  shaken  gently  for  15 
min.  The  lysates  were  transferred  into  1.5-ml  tubes  and  centrifuged  at  14,000  rpm  for  5 
min.  A  mixture  of  20  |j,l  of  the  supernatant  and  100  |j,l  of  the  pH  7.8  luciferase  assay 
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buffer  (30  mM  tricine,  3  mM  adenosine  triphosphate  (ATP),  15  mM  magnesium  sulfate, 
and  10  mM  DTT)  were  added  to  a  lOO-^il  injection  of  1  mM  D-luciferin  (pH  6.1-6.5). 
Luciferase  activity  of  the  samples  was  measured  with  a  Monolight  2010  Luminometer. 
The  luminometer  read  light  production  for  10  s  at  room  temperature. 
Protein  assay 

To  standardize  cell  numbers  in  each  well  of  the  cluster  plate,  the  total  amount  of 
protein  was  quantified  using  a  BCA  Protein  Assay  Kit.  Briefly,  100  ]x\  of  PBS  was 
placed  in  each  well  of  a  96-well  plate.  A  standard  calibration  curve  was  constructed  for 
each  assay  using  bovine  serum  albumin.  The  supernatant  of  the  lysate  (10  i^l)  from  each 
well  was  placed  in  the  appropriate  well  of  the  96-well  plate  and  mixed  gently.  The  BCA 
reagent  (100  j^l)  was  then  added  to  each  well.  The  plate  was  incubated  at  37°C  for  30  min 
and  read  at  630  nm  on  an  EL  340  Bio  Kinetics  Reader.  The  amount  of  protein  in  each 
well  was  then  calculated  by  substituting  the  absorbent  to  the  calibration  curve  created  in 
the  same  plate. 

Statistical  Analysis 

Statistical  differences  between  the  treatments  were  determined  using  analysis  of 
variance  where  appropriate  (StatView  4.53,  Abacus  Concepts,  Inc.,  Berkeley,  CA)  with 
p<0.05  considered  statistically  significant  and  Fisher's  (PLSD)  post  hoc  t-test  was 
applied. 
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Results 


Oligonucleotide  and  Plasmid  DNA  Cellular  Uptake  Evaluation  Using  Flow 
Cytometry 


To  examine  the  effect  of  biodegradable  pH-sensitive  surfactants  (BPS)  in  the 
cationicN-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammoniummethylsulfate 
(DOTAP)  Uposomes  on  ohgonucleotide  (or  plasmid  DNA)  cellular  uptake,  a  flow 
cytometry  technique  was  used  (Figure  5-1).  Fluorescein  isothiocyanate  (FITC)-labeled 
oligonucleotides  (or  fluorescein-labeled  plasmid  DNA)  were  complexed  with  cationic 
DOTAP  liposomes  plus  or  minus  dodecyl  2-(l  '-imidazolyl)  propionate  (DIP)  at  molar 
ratio  0.3  (R=0.3)  for  30  min.  The  complex  was  then  incubated  with  CV-1  cells,  and  the 
fluorescence  intensity  emitted  fi"om  the  oligonucleotides  was  recorded  at  various  time 
points  with  or  without  cell  fixation. 

The  fluorescence  intensities  in  both  types  of  cells  (fixed  or  live)  from  the  free 
oligonucleotide  were  significantly  lower  than  those  from  the  oligonucleotide  with 
delivery  systems  at  all  observed  time  points  (Figure  5-2).  Also,  the  fluorescence  signals 
from  DIP  treated  liposomes  in  live  cells  at  early  time  points  (4  h  and  5  h)  were 
significantly  (p<0.001)  higher  than  those  from  liposomes  without  DIP  (Figure  5-2a). 
When  the  cells  were  fixed  to  equalize  the  intracellular  compartments  with  regard  to  pH, 
no  difference  in  the  fluorescence  signal  was  seen  between  these  two  groups  (Figure  5 -2b). 

Oligonucleotide  cellular  uptake  caused  by  three  BPS  (DIP,  methyl  1 -imidazolyl 
laureate  (MIL),  and  N-dodecyl  imidazole  (DI))  at  different  molar  ratios  (R=0,  R=0.1, 
R=0.2,  and  R=0.3)  was  further  investigated.  After  4  h  of  incubation  in  the  live  CV-1 
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Figure  5-1:  Distribution  of  the  live  CV-1  cells  versus  the  fluorescence  intensity  measured 
by  flow  cytometry.  Before  analyzing  the  fluorescence  signals,  0.25  nmole  of  the 
fluorescein-labeled  ohgonucleotide  complexed  with  N-[l-(l-2,3-dioleoloxy)propyl]- 
N,N,N-trimethylammonium  methylsulfate  (DOTAP)  liposomes  at  a  charge  ratio  of  10 
(+/-)  were  incubated  in  the  well  for  4  h.  The  relative  fluorescence  intensity  of  the  first 
10,000  cells  was  calculated  to  be  884. 
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Figure  5-2:  Time  course  study  of  cationic  liposomes  on  fluorescein-labeled 
oligonucleotide  cellular  uptake  in  CV-1  cells  (n=3).  Oligonucleotide  (0.25  nmole) 
without  (A)  and  with  a  delivery  system  (i.e.,  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N- 
trimethylammonium  methylsulfate  (DOTAP)  liposomes  plus  (■)  or  minus  (♦)  dodecyl 
2-(r-imidazolyl)  propionate  (DIP)  with  molar  ratio  0.3  (R=0.3)  at  a  charge  ratio  of  10 
(+/-))  were  compared.  The  fluorescence  intensities  (mean±standard  deviation  (SD))  were 
recorded  by  flow  cytometry  in  two  cell  conditions,  a)  Live  CV-1  cells;  b)  Fixed  CV-1 
cells. 
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Figure  5-2— continued 
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cells,  significant  differences  (p<0.001)  in  the  fluorescence  intensity  were  observed 
between  the  DIP  treated  liposome  groups  (R=0.1,  R=0.2,  and  R=0.3)  and  blank 
liposomes  (Figure  5-3a).  However,  no  difference  in  the  fluorescence  intensity  was  seen 
among  the  DIP  treated  liposome  groups.  When  CV-1  cells  were  fixed,  no  difference  in 
the  fluorescence  intensity  was  observed  among  all  liposome  groups  (Figure  5-3a). 
Similar  fluorescence  intensity  profiles  were  also  seen  in  the  other  two  BPS  (MIL  and  DI) 
treated  liposomes  among  all  molar  ratio  groups  (R=0,  R=0.1,  R=0.2,  and  R=0.3)  in  both 
live  and  fixed  cells  (Figure  5-3b  and  Figure  5-3c).  In  addition,  no  difference  of  the 
fluorescence  intensity  was  observed  among  these  three  BPS  at  any  molar  ratio  groups. 

When  FITC-oligonucleotides  were  replaced  by  fluorescein-plasmid  DNA,  no 
difference  in  the  fluorescence  intensity  between  DOTAP  liposomes  and  DIP  treated 
DOTAP  liposomes  (R=0.3)  was  observed  throughout  the  entire  time  course  in  the  live 
CV-1  cells  (Figure  5-4a).  When  the  cells  were  fixed  before  analysis,  no  difference  of  the 
fluorescence  signal  was  seen  (Figure  5-4b). 

Plasmid  DNA  cellular  uptake  caused  by  three  BPS  (DIP,  MIL,  and  DI)  at 
different  molar  ratios  (R=0,  R=0.1,  R=0.2,  and  R=0.3)  was  also  investigated.  After  4  h  of 
incubation  in  both  live  and  fixed  CV-1  cells,  no  difference  in  the  fluorescence  signal  was 
seen  among  all  DIP-liposome  groups  (R=0,  R==0.1,  R=0.2,  and  R=0.3)  (Figure  5-5a). 
Similar  fluorescence  intensity  profiles  were  also  seen  in  the  other  two  BPS-liposome 
groups  (MIL  and  DI)  in  both  the  live  and  fixed  cells  (Figure  5-5b  and  Figure  5-5c). 
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Figure  5-3:  Effect  of  cationic  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammomum 
methylsulfate  (DOTAP)  liposomes  containing  three  biodegradable  pH-sensitive 
surfactants  (BPS)  at  various  molar  ratios  (R=0  (open  bar),  R=0.1  (solid  bar),  R=0.2 
(vertical  bar),  and  R=0.3  (horizontal  bar))  on  fluorescein-labeled  oligonucleotide  cellular 
uptake  in  CV-1  cells  (n=3).  Oligonucleotides  (0.25  nmole)  were  complexed  with 
liposomes  at  a  charge  ratio  of  10  (+/-).  The  fluorescence  signals  (meantSD)  were 
recorded  by  flow  cj^ometry  after  4  h  of  incubation  while  the  cells  were  either  alive  or 
fixed,  a)  Dodecyl  2-(r-imidazolyl)  propionate  (DIP);  b)  Methyl  1-imidazolyl  laureate 
(MIL);  c)  N-dodecyl  imidazole  (DI). 
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Figure  5-3— continued 
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Figure  5-3— continued 
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Figure  5-4:  Time  course  study  of  cationic  liposomes  on  fluorescein-labeled  plasmid  DNA 
cellular  uptake  in  CV-1  cells  (n=3).  Plasmid  DNA  (1  ^g)  without  (A)  and  with  a  carrier 
system  (i.e.,  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammonium  methylsulfate 
(DOTAP)  liposomes  plus  (■)  or  minus  (♦)  dodecyl  2-(l  '-imidazolyl)  propionate  (DIP) 
with  molar  ratio  0.3  (R=0.3)  at  a  charge  ratio  of  10  (+/-))  were  compared.  The 
fluorescence  signals  (mean+SD)  were  recorded  by  the  flow  cj^ometry  in  two  cell 
conditions,  a)  Live  CV-1  cells;  b)  Fixed  CV-1  cells. 
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Figure  5-4— continued 
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Figure  5-5:  Effect  of  cationic  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammonium 
methylsulfate  (DOTAP)  liposomes  containing  three  biodegradable  pH-sensitive 
surfactants  (BPS)  at  various  molar  ratios  (R=0  (open  bar),  R=0.1  (solid  bar),  R=0.2 
(vertical  bar),  and  R=0.3  (horizontal  bar))  on  fluorescein-labeled  plasmid  DNA  cellular 
uptake  in  CV-1  cells  (n=3).  Plasmid  DNA  (1  )ag)  were  complexed  with  liposomes  at  a 
charge  ratio  of  10  (+/-).  The  fluorescence  signals  were  recorded  by  flow  cytometry  after 
4  h  of  incubation  with  live  or  fixed  cells,  a)  Dodecyl  2-(l  '-imidazolyl)  propionate  (DIP); 
b)  Methyl  1 -imidazolyl  laureate  (MIL);  c)  N-dodecyl  imidazole  (DI). 
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Figure  5-5— continued 
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Figure  5-5— continued 
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Oligonucleotide  Cellular  Uptake  and  Distribution  Evaluation  with  Confocal 
Microscopy 


Using  confocal  microscopy,  the  effect  of  neutral  L-a-lecithin  liposomes 
containing  dodecyl  2-(r-imidazolyl)  propionate  on  oligonucleotide  cellular  delivery  was 
further  investigated.  There  is  a  direct  correlation  between  cellular  associated 
oligonucleotides  and  the  intensity  of  photograph.  Without  any  delivery  carrier  (e.g., 
liposomes),  there  was  little  ohgonucleotide  associated  with  the  cells  at  three  observed 
time  points  (Figure  5-6).  Liposomes  minus  (Figure  5-7)  or  plus  (Figure  5-8)  DIP  at 
molar  ratio  0.3  (R=0.3)  were  used,  more  oligonucleotides  were  taken  into  the  cells  as 
compared  to  those  without  delivery  systems  at  all  observed  time  points. 

The  cellular  distributions  of  the  oligonucleotides  once  brought  into  the  cells 
through  two  delivery  systems  (i.e.,  liposomes  and  DIP-liposomes  (R=0.3)  liposomes) 
were  subsequently  compared.  For  those  oligonucleotides  that  were  taken  into  cells 
through  L-a-lecithin  liposomes,  perinuclear  localization  of  the  oligonucleotides  was  seen 
in  the  observed  time  points  (Figure  5-7).  When  DIP  was  added  into  the  neutral  liposomes 
(R=0.3),  much  well  dispersion  of  the  oligonucleotides  in  the  cells  was  observed  (Figure 
5-8). 

Quantitative  Effect  Evaluation  of  Luciferase  Activity 

To  investigate  the  impact  on  ohgonucleotide  activity  of  dodecyl  2-(r-imidazolyl) 
propionate  (DIP)  in  cationic  N-[l-(l-2,3-dioleoloxy)propyl]-N,N,N-trimethylammonium 
methylsulfate  (DOTAP)  liposomes,  a  CV-1  luciferase  expressing  cell  line  was  used. 
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Figure  5-6:  Cellular  uptake/distribution  of  fluorescein-labeled  oligonucleotides  in  RAW 
264.7  cells.  Cells  were  observed  by  confocal  microscopy  at  three  time  points,  a)  4  h;  b) 
8  h;  c)  24  h. 
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Figure  5-6~continued 
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Figure  5-6— continued 
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Figure  5-7:  Cellular  uptake/distribution  of  fluorescein-labeled  oligonucleotides  when 
encapsulated  in  the  lecithin  liposomes  in  RAW  264.7  cells.  Cells  were  observed  by 
confocal  microscopy  at  three  time  points,  a)  4  h;  b)  8  h;  c)  24  h. 
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Figure  5-7— continued 
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Figure  5-8:  Cellular  uptake/distribution  of  fluorescein-labeled  oligonucleotides  when 
encapsulated  in  the  lecithin  liposomes  containing  dodecyl  2-(l  '-imidazolyl)  propionate 
(DIP)  at  molar  ratio  0.3  (R=0.3)  in  RAW  264.7  cells.  Cells  were  observed  by  confocal 
microscopy  at  three  time  points,  a)  4  h;  b)  8  h;  c)  24  hr. 
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Figure  5-8— continued 
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Figure  5-8~continued 
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After  24  h  of  incubation,  the  percentages  of  inhibition  (luciferase  activity)  were 
determined.  The  positive  control  (0%  inhibition)  referred  to  no  treatment  in  the  cells 
while  the  negative  control  (100%  inhibition)  was  the  background  interference.  Other 
appropriate  controls  including  sense  oligonucleotide+liposome,  antisense 
oligonucleotide,  and  liposome  were  also  used. 

No  inhibition  of  luciferase  expression  was  detected  at  the  observed  concentration 
of  free  antisense  oligonucleotides  (Figure  5-9a).  However,  when  (antisense  or  sense) 
oUgonucleotide-DOTAP  liposome  complex  was  used,  greater  inhibitions  of  luciferase 
activity  were  observed  (Figure  5-9a).  As  the  concentration  of  (antisense  or  sense) 
oUgonucleotide  reached  0.5  |iM  (0.25  nmol/0.5  ml),  no  extra  inhibition  was  seen. 
Significant  differences  (p<0.005)  in  the  percentage  of  inhibition  between  antisense  and 
sense  oligonucleotides  were  obtained  when  the  concentration  of  ohgonucleotide  was  0.5 
^iM  (0.25  nmol/0.5  ml)  or  higher. 

When  DIP  at  molar  ratio  0.1  (R=0.1)  was  added  to  the  cationic  liposomes,  similar 
profiles  were  noticed  (Figure  5-9b).  Comparing  the  luciferase  inhibition  effect 
throughout  the  entire  observed  concentration  range,  more  inhibition  (p<0.005)  was  seen 
when  antisense  oligonucleotides  were  complexed  with  the  DIP  treated  (R=0.1)  DOTAP 
liposomes  than  when  antisense  oligonucleotides  were  complexed  with  the  DOTAP 
liposomes.  A  same  phenomenon  was  also  observed  when  antisense  oligonucleotides 
were  replaced  by  sense  oligonucleotides  between  DIP-DOTAP  liposomes  and  DOTAP 
liposomes. 
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Figiire  5-9:  Effect  of  oligonucleotide  activity  when  complexed  with  two  cationic 
liposomes  of  different  lipid  compositions  at  a  charge  ratio  of  10  (+/-)  on  CV-1  luciferase 
expressing  cells  (n=4).  The  percentage  of  inhibition  on  luciferase  activity  (mean+SD)  in 
each  treatment  (antisense  oligonucleotide+liposome  (♦),  sense  oligonucleotide+liposome 
(■),  antisense  oligonucleotide  (A),  and  liposome  (X ))  was  calculated  and  plotted  against 
ohgonucleotide  concentration  after  24  h  of  incubation.  It  should  be  noted  that  for  the 
liposome  subset  experiment  (X ),  the  data  indicated  that  the  inhibition  effect  was  the 
same  for  the  amount  of  liposome  used  in  the  antisense  oligonucleotide+liposome  subset 
experiment  (♦)  but  no  ohgonucleotides  were  used,  a)  N-[l-(l-2,3-dioleoloxy)propyl]- 
N,N,N-trimethylammonium  methylsulfate  (DOTAP);  b)  DOTAP  containing  dodecyl  2- 
(I'-imidazolyl)  propionate  (DIP)  at  molar  ratio  0.1  (R=0.1). 
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Figure  5-9~continued 
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Discussion 


After  characterizing  these  three  biodegradable  pH-sensitive  surfactants  (BPS), 
their  biological  effects  in  vitro  were  fiirther  evaluated.  Studies  were  initially  conducted  to 
investigate  the  impact  of  BPS  in  cationic  liposomes  on  oligonucleotide  (or  plasmid  DNA) 
cellular  uptake  in  terms  of  incubation  time  and  the  molar  ratio.  Increased  fluorescence 
signals  were  observed  during  the  early  time  points  when  the  oligonucleotides  were 
deUvered  in  the  live  CV-1  (monkey  kidney  fibroblast)  cells  by  dodecyl  2-(r-imidazolyl) 
propionate  (DIP)  treated  liposomes  compared  to  control  liposomes.  Since  the 
ohgonucleotide  labeling  material,  fluorescein  isothiocyanate  (FITC),  is  a  pH-sensitive 
fluorophore,  it  demonstrates  higher  fluorescence  intensity  in  base  than  in  acid.  The 
resuhs  indicated  that  with  the  addition  of  DIP,  the  liposomes  could  induce  either  higher 
oligonucleotide  cellular  uptake  or  different  oligonucleotide  intracellular  distribution  (i.e., 
from  endosome  to  cytoplasm). 

When  the  cells  were  fixed  with  formaldehyde  to  equalize  pH  intracellularly,  no 
difference  in  the  fluorescence  signal  was  observed  over  the  entire  time  course  between 
these  two  types  of  liposomes.  This  set  of  experiments  ruled  out  that  the  difference  seen 
in  intensity  was  a  result  of  total  amount  of  oligonucleotide  entering  the  cells.  Instead, 
BPS-liposomes  could  redistribute  oligonucleotides  once  brought  into  cells.  It  suggests 
similar  ohgonucleotide  cellular  uptake  but  possible  transport  of  ohgonucleofides  to  a 
more  acidic  environment  (e.g.,  lysosome)  with  liposomes  in  the  absence  of  BPS  and  a 
more  basic  surrounding  (e.g.,  endosome  or  cytoplasm)  with  liposomes  in  the  presence  of 
BPS. 
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When  increasing  molar  ratios  of  BPS  were  used  in  the  same  study,  greater  signals 
from  the  oligonucleotides  were  observed  after  4  h  of  incubation  in  the  live  cells  with  BPS 
treated  liposomes  than  with  regular  liposomes.  Moreover,  when  the  cells  were  fixed,  no 
difference  in  the  signal  from  the  oligonucleotides  was  detected.  However,  no  correlation 
between  either  three  BPS  or  molar  ratios  and  the  fluorescence  intensity  could  be 
established.  Further  detailed  examinations  regarding  the  selection  of  BPS,  sampling 
time,  cell  type,  oligonucleotide  concentration,  and  charge  ratio  need  to  expand  to 
distinguish  this  relationship. 

To  further  investigate  the  size  of  membrane  pore  that  BPS  could  create  when  they 
destabilized  endosomal  membrane  to  release  the  endocytosed  materials,  a  macromolecule 
plasmid  DNA  was  used.  From  our  studies,  BPS  seemed  unable  to  improve  the  delivery 
of  plasmid  DNA  at  either  the  observed  time  course  or  at  any  molar  ratio  of  BPS  to 
liposomes.  One  explanation  is  that  the  membrane  pore  promoted  by  BPS  was  not  large 
enough  to  rupture  the  endosomal  membranes  and  transfer  the  plasmid  DNA  into  the 
cytoplasm  but  could  only  leak  out  smaller  materials  such  as  oligonucleotide.  The  reason 
for  this  occurrence  is  possibly  due  to  the  relatively  big  molecular  size  of  plasmid  DNA 
(5256  bp)  compared  to  oligonucleotide  (15  b).  The  double  strand  structure  of  plasmid 
DNA  may  also  hinder  its  delivery.  Moreover,  the  different  backbone  of  the  plasmid 
DNA  (i.e.,  phosphorodiester)  and  the  ohgonucleotide  (i.e.,  phosphorothioate)  in  our 
studies  relating  to  their  respective  stability  can  also  change  their  efficiency.  However,  the 
use  of  BPS  to  increase  the  activity  of  plasmid  DNA  has  been  shown  in  a  previous  study 
(Liang  &  Hughes,  1998).  As  a  result,  some  other  mechanism  may  be  involved  in  BPS- 
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induced  plasmid  DNA  delivery.  It  is  also  possible  that  our  experiments  were  not 
sensitive  enough  to  notice  the  furtive  difference. 

In  addition,  the  effect  of  BPS  in  the  liposomes  on  ohgonucleotide  cellular 
uptake/distribution  was  assessed.  To  elude  the  possible  cell  line  dependent  factor  on 
oligonucleotide  delivery,  RAW  264.7  (mouse  monocyte-macrophage)  cells  were  used. 
Moreover,  instead  of  cationic  liposomes,  DIP  was  added  into  different  type  of  neutral 
liposomes.  It  was  shown  that  oligonucleotides  that  had  no  delivery  carrier  were 
inefficiently  internalized  into  the  cells.  When  the  liposomes  were  used  to  deliver  the 
oligonucleotides,  more  oligonucleotides  were  brought  into  the  cells.  Nevertheless,  they 
were  localized  in  the  punctuate  cytoplasmic  spots  probably  corresponding  to  their 
presence  in  the  endocytotic  compartments  (endosome  or  lysosome)  and  indicating  a 
possible  lysosomal  degradation  fate  (Vlassov  et  al.,  1994). 

In  contrast,  cells  exposed  to  the  BPS-liposomes  containing  FITC-labeled 
oligonucleotides  demonstrated  diffuse  fluorescence  supporting  their  presence  in  the 
cytoplasm.  This  indicates  a  possible  oligonucleotide  cellular  pathway  into  the  cytoplasm 
or  nucleus.  As  a  result,  the  intra-delivery  of  the  oligonucleotide  was  improved. 

In  the  final  set  of  experiments,  the  ability  of  BPS-liposomes  to  aid 
oligonucleotides  in  inhibiting  the  luciferase  activity  was  evaluated  quantitatively.  To 
accurately  calculate  the  amount  of  oligonucleotide  in  each  treatment,  cationic  liposomes 
were  chosen  over  neutral  counterparts.  As  cationic  N-[l-(l-2,3-dioleoloxy)propyl]- 
N,N,N-trimethylammonium  methylsulfate  (DOTAP)  liposomes  were  used  as  an 
oligonucleotide  delivery  system,  additional  luciferase  activity  was  restrained  in  the 
observed  concentration  range  than  oligonucleotides  without  the  delivery  system.  When 
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dodecyl  2-(r-imidazolyl)  propionate  (DIP)  was  added  as  a  part  of  the  liposome 
composition  to  deliver  the  oligonucleotides,  an  even  greater  amount  of  enzyme 
expression  was  inhibited  than  liposomes  without  DIP. 

Moreover,  not  only  could  DIP  enhance  the  efficacy  of  oligonucleotides  in 
hampering  the  synthesis  of  luciferase,  but  it  could  also  increase  oligonucleotide  potency 
(i.e.,  more  inhibition  at  a  fixed  concentration  or  same  inhibition  with  a  lower  amount  of 
oligonucleotide).  This  fact  implies  the  usefulness  of  BPS  in  enhancing  the  inhibition  of  ■ 

luciferase  expression.  However,  when  only  the  delivery  systems  were  used,  the 

i 

i 
inhibitions  were  also  elevated  as  more  liposomes  were  employed,  suggesting  a  possible  | 

f 
cytotoxic  interference  of  luciferase  expression  fi-om  the  cationic  DOTAP  liposomes  and  | 

the  DIP -DOTAP  liposomes.  | 

In  summary,  we  have  showed  that  with  help  fi^om  a  carrier  (cationic  liposomes),  i 

greater  enzyme  activities  were  inhibited  by  the  ohgonucleotides.  This  observation  was  in  j 

accordance  with  the  other  comparable  studies  (Capaccioh  et  al.,  1993;  Takle  et  al.,  1997).  •, 

Similar  effects  were  also  seen  when  other  cationic  liposomes  were  used  (Bennett  et  al., 

1992;  Konopka  et  al,  1996;  Lappalainen  et  al.,  1997;  Ollikainen  et  al,  1996).  With  the 

addition  of  biodegradable  pH-sensitive  surfactants  (BPS)  into  the  cationic  liposomes, 

more  dramatic  increase  of  the  inliibition  on  luciferase  activity  by  the  oligonucleotides  was 

observed  than  the  cationic  liposomes  without  BPS. 

We  have  also  identified  that  the  mechanism  of  BPS  to  increase  the  delivery  of 

oligonucleotide  was  not  by  increasing  oligonucleotide  cellular  uptake  in  CV-1  cells. 

Once  oligonucleotides  were  brought  into  the  intracellular  compartment,  they  were 

redistributed  by  promoting  the  formation  of  a  small  membrane  pore.  To  better 
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characterize  the  oUgonucleotide  dehvery  under  the  effect  of  BPS  in  different  RAW  264.7 
cells,  confocal  microscopy  was  used.  The  results  corroborated  that  liposomes  induced 
more  cellular  uptake  of  ohgonucleotides  than  that  of  free  oligonucleotides  as  displayed  in 
the  flow  cytometry  experiment  set.  The  results  confirmed  that  the  oligonucleotide 
cellular  distribution  was  amehorated  when  BPS  were  a  part  of  the  liposome  composition. 

Conclusion 

The  use  of  liposomes  in  the  delivery  of  oligonucleotides  is  still  greatly  limited  by 
poor  cell  membrane  permeability  ability  (Zelphati  &  Szoka,  1996a).  Biodegradable  pH- 
sensitive  surfactants  (BPS)  were  developed  and  used  to  enhance  the  cellular  delivery  of 
nucleic  acids.  Previous  reports  (Hughes  et  al.,  1996;  Liang  &  Hughes,  1998)  and  current 
studies  have  been  shown  their  potential  use.  Nevertheless,  there  is  plenty  of  space  to 
refine  the  entire  BPS  delivery  system. 

To  farther  optimize  the  use  of  BPS,  a  number  of  factors  need  to  be  considered. 
Ohgonucleofide  cellular  delivery  by  BPS-cationic  liposomes  rehes  on  a  number  of 
variables  including  the  liposome  composition  (Bennett  et  al,  1995;  Zhou  &  Huang, 
1994),  charge  ratio  (Arima  et  al.,  1997;  Jaakselainen  et  al.,  1994;  Zelphati  &  Szoka, 
\996a),  incubation  period  (Zelphati  &  Szoka,  1996a),  and  presence  of  serum  (Feigner  et 
al.,  1987).  By  modulating  any  one  of  the  above  variables,  the  cellular  delivery  of  the 
oligonucleotides  by  BPS-liposomes  can  be  strongly  affected  and  eventually  be  enhanced. 


CHAPTER  6 
MECHANISM  OF  ACTION  INVESTIGATION  OF  BIODEGRADABLE  pH- 

SENSITIVE  SURFACTANTS 


Introduction 

Dodecyl  2-(l  '-imidazolyl)  propionate  (DIP),  a  member  of  biodegradable  pH- 
sensitive  surfactants  (BPS),  has  been  previously  demonstrated  to  increase  cytoplasm 
delivery  of  oligonucleotide  (Hughes  et  al.,  1996)  and  plasmid  DNA  (Liang  &  Hughes, 
1998).  It  has  already  been  proved  that  the  elevated  effect  from  BPS-liposomes  was  not  to 
increase  the  cellular  uptake  of  oligonucleotides  but  to  redistribution  once 
oUgonucleotides  were  brought  into  cells  (Chapter  5).  However,  it  remained  unclear  how 
BPS  destabilized  the  endosomal  membrane  and  released  the  content  out  of  endosomes. 
To  further  utilize  and  modify  BPS  in  intracellular  macromolecule  delivery,  it  is  essential 
to  understand  the  mechanisms  responsible  for  membrane  destabilization.  In  addition  to 
DIP,  two  other  BPS,  methyl  1 -imidazolyl  laureate  (MIL)  and  N-dodecyl  imidazole  (DI), 
were  used  to  investigate  possible  mechanisms. 

Instead  of  serving  as  a  nucleic  acid  delivery  system,  liposomes  were  used  as  the 
experimental  membrane  model  to  study  the  possible  membrane  destabilization 
mechanisms.  In  order  to  maintain  simplicity,  only  neutral  lipids  (e.g.,  lecithin)  were  used 
in  the  liposomal  membrane  system.  While  the  liposomes  may  not  folly  represent  events 
occurring  in  biological  situations  they  still  served  as  excellent  models  in  addressing 
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potential  mechanisms  of  lipid  membrane  disraption.  An  aqueous  space  fusion  assay 
(Smolarsky  et  al.,  1977)  and  a  lipid  mixing  resonance  energy  transfer  assay  (Struck  et  al., 
1981)  were  used  to  observe  membrane  destabilization  through  fusion.  A  liposome 
leakage  assay  of  a  marker  compound,  calcein,  was  used  to  observe  membrane 
destabilization  through  rupture. 

Materials 

Chemical 

Calcein  was  purchased  from  Aldrich  (Milwaukee,  WI).  N-(lissamine  rhodamine 
B  sulfonyl)-phosphatidylethanolamine  (Rh-PE),  N-(7-nitro-2,l,3-benzoxadiazol-4-yl)- 
phosphatidylethanolamine  (NBD-PE),  L-a-lecithin,  l,2-dimyristoyl-sn-glycero-3- 
phosphocholine  (DMPC),  dioleoylphosphatidylethanolamine  (DOPE),  and  cholesterol 
were  purchased  from  Avanti  Polar  Lipids  (Alabaster,  AL).  N,  N'-p-xylylenebis- 
(pyridinium  bromide)  (DPX)  and  l-aminonaphthalene-3,6,8-trisulfonic  acid  (ANTS) 
were  purchased  from  Molecular  Probes  (Eugene,  OR).  Three  biodegradable  pH-sensitive 
surfactants  (BPS)  including  dodecyl  2-(r-imidazolyl)  propionate  (DIP),  methyl  1- 
imidazolyl  laureate  (MIL),  and  N-dodecyl  imidazole  (DI)  were  synthesized  as  previously 
reported  (Chapter  3).  All  purchased  or  obtained  chemicals  were  used  directly  without 
further  purification. 
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Buffer  Preparation 

All  buffers  were  adjusted  with  NaCl  to  an  equal  ionic  strength.  The  pH  of  the 
buffers  and  their  chemical  compositions  were  as  follows:  pH  4.2  (150  mM  sodium  acetate 
and  350  mM  glacial  acetic  acid),  pH  5.0  (300  mM  KH2PO4  and  50  mM  NajHPOJ,  pH  6.0 
(150  mM  KH2PO4  and  100  mM  Na^HPOJ,  pH  6.5  (120  mM  KH,P04  and  100  mM 
Na^HP04),  pH  7.0  (80  mM  KH2PO4  and  120  mM  Na2HP04),  and  pH  8.0  (200  mM 
KH2PO4  and  188  mM  NaOH). 

Liposome  Preparation 

Liposomes  (L-a-lecithin:  l,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC): 
cholesterol;  molar  ratio  6:1:8)  were  prepared  and  used  in  most  experiments  to  evaluate 
fiision  and  rupture  events.  The  lipid  rehydration  method  was  used  to  produce  vesicles 
(Hughes  et  al.,  1994).  The  liposomes  were  passed  through  a  high  pressure  extruder 
(Lipex  Biomembrane  Inc.;  Vancouver,  BC)  with  600  nm  polycarbonate  membranes  three 
times.  The  size  of  the  liposomes  (volume-weight  Gaussian  distribution)  was  determined 
to  be  578+1 13  mn  (standard  deviation)  with  a  NICOMP  380  ZLS  Zeta  Potential/Particle 
Sizer  (Santa  Barbara,  CA).  The  concentration  of  total  phospholipids  was  determined  by  a 
spectrophotometric  technique  as  previously  described  (Chapter  4). 
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Methods 

Time  Course  Fusion  Assay 

Increasing  molar  ratios  (R=0,  R=0.2,  and  R=0.4)  of  biodegradable  pH-sensitive 
surfactants  (BPS)  to  75  nmol/ml  of  liposome  (L-a-lecithin:  l,2-dimyristoyl-sn-glycero-3- 
phosphocholine  (DMPC):  cholesterol;  molar  ratio  6:1:8)  were  used  to  monitor  fusion 
mechanism  over  time  in  a  pH  5.0  buffer  solution.  Liposome-liposome  fusion  was 
characterized  by  measuring  fluorescence  resonance  energy  transfer  between  two  lipid 
head  groups  (Struck  et  al,  1981).  N-(7-nitro-2,l,3-benzoxadiazol-4-yl)- 
phosphatidylethanolamine  (NBD-PE)  and  N-(lissamine  rhodamine  B  sulfonyl)- 
phosphatidylethanolamine  (Rh-PE)  were  incorporated  into  two  separate  populations  of 
vesicles  at  1%  (mol)  each.  As  the  two  liposome  groups  interacted,  the  fluorescence 
energy  emitted  from  NBD-PE  labeled  liposomes  was  transferred  to  the  Rh-PE  labeled 
liposomes  resulting  in  a  decreased  fluorescence  signal. 

The  NBD-PE  liposomes  were  initially  added  into  various  pH  buffers  with  the  Rh- 
PE  liposomes  and  fluorescence  intensity  measured  over  a  30-min  incubation  period  at 
room  temperature.  The  liposomal  suspensions  were  excited  at  a  wavelength  of  470  nm 
and  observed  at  530  nm  with  a  Perkin-Elmer  Luminescence  Spectrophotometer  LS-50B. 
The  percentage  of  fusion  was  defined  by  the  following  relationship: 

f 
FusionCVo)  =  (1 )  *  1 00 ,  where  F  and  Fq  are  the  fluorescence  intensities  m  the 

presence  and  absence  of  the  Rh-PE  group,  respectively  (Struck  et  al.,  1981). 
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To  corroborate  the  membrane  fusion  study,  an  aqueous  content  mixing  method 
was  used  (Smolarsky  et  al.,  1977).  In  this  assay,  25  mM  of  l-aminonaphthalene-3,6,8- 
trisulfonic  acid  (ANTS)  and  90  mM  of  N,  N'-p-xylylenebis-(pyridinium  bromide)  (DPX) 
were  encapsulated  into  two  separate  hposomes  (L-a-lecithin:  DMPC:  cholesterol;  molar 
ratio  6: 1 :8).  Unencapsulated  ANTS  and  DPX  were  later  removed  through  centrifugation 
(10,000  rpm,  5  min)  five  times  and  washed  with  a  pH  7.4  phosphate  buffered  saline. 
These  two  liposome  populations  (75  nmol/ml)  were  mixed  and  the  fluorescence  intensity 
recorded  over  time  at  an  excitation  wavelength  of  353  nm  and  an  emission  wavelength  of 
525  nm. 

Mixing  of  the  aqueous  contents  of  ANTS  and  DPX  containing  liposomes  resulted 
in  a  decrease  in  fluorescence  due  to  the  quenching  of  ANTS  by  DPX.  The  percentage  of 
fusion  was  calibrated  similarly  with  the  above  equation,  where  F  is  the  fluorescence 
intensity  in  the  presence  of  DPX  group  and  Fq  is  the  fluorescence  intensity  in  the  absence 
of  DPX  group  in  different  pH  buffer  solutions. 

Biodegradable  pH-Sensitive  Surfactants-Induced  Membrane  Fusion 

Both  aqueous  and  lipid  mixing  techniques  were  further  applied  to  characterize  the 
liposome  fiision  induced  by  different  molar  ratios  of  biodegradable  pH-sensitive 
surfactants  (BPS)  after  30  min.  Increasing  molar  ratios  (R=0,  R=0.2,  and  R=0.4)  of  BPS 
were  incorporated  into  75  nmol/ml  of  liposomes  (L-a-lecithin:  1 ,2-dimyristoyl-sn- 
glycero-3-phosphocholine  (DMPC):  cholesterol;  molar  ratio  6:1 :8)  to  monitor  fusion 
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events  with  changing  pHs  (5.0-8.0).  The  fluorescence  intensities  were  then  quantified 
after  30  min  in  both  assays. 

Biodegradable  pH-Sensitive  Surfactants-Induced  Membrane  Rupture 

Liposomes  (L-a-lecithin:  l,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC): 
cholesterol;  molar  ratio  6:1:8,  75  nmol/ml)  containing  100  mM  calcein  (>  self-quenching 
concentration)  were  prepared  using  increasing  molar  ratios  of  biodegradable  pH-sensitive 
surfactants  (BPS)  (R=0,  R=0.1,  R=0.2,  and  R=0.4).  The  liposomes  were  used  to  observe 
whether  membrane  rupture  occured.  The  BPS-liposome  preparations  were  incubated 
with  phosphate  buffers  (pH  5.0-8.0)  for  30  min  and  calcein  release  quantified.  The 
released  calcein  was  excited  at  496  nm  and  observed  at  517  nm.  The  percentage  of 

released  calcein  was  calculated  by  the  equation  /(%)  =  ~ —  *  100%  (Liu  &  Regen, 

1993).  I^  is  the  100%  fluorescence  intensity  value  when  adding  excess  Triton  X-100  (10 
mM);  I,  and  I^  are  the  fluorescence  intensities  after  incubation  with  and  without  BPS, 
respectively. 

Effects  of  Liposome  Concentration  on  Membrane  Fusion  and  Rupture 

Increasing  concentrations  of  liposomes  (L-a-lecithin:  1 ,2-dimyristoyl-sn-glycero- 
3-phosphocholine  (DMPC):  cholesterol;  molar  ratio  6:1:8)  with  biodegradable  pH- 
sensitive  surfactants  (BPS)  at  two  molar  ratio  groups  (R=0.2  and  R=0.4)  were  used  to 
determine  their  dependency  on  membrane  rupture  (3  nmol/ml,  15  nmol/ml,  and  75 
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nmol/ml)  and  fusion  (37.5  nmol/ml,  75  mnol/ml,  and  150  nmol/ml)  in  a  pH  5.0  buffer 
solution.  Similar  lipid  mixing  assay  protocols  were  used  as  described  above. 

Impact  of  Cholesterol  and  Dioleoylphosphatidylethanolamine  on  Membrane  Fusion 

Liposomes  (135  nmol/ml)  containing  L-a-lecithin,  with  or  without  cholesterol 
(weight  ratio  3:2;  molar  ratio  4:5)  at  two  molar  ratios  (R=0.2  and  R=0.4)  of  dodecyl  2- 
(I'-imidazolyl)  propionate  (DIP)  were  used  to  determine  the  effect  of  the  addition  of 
cholesterol  on  fusion.  A  similar  study  was  conducted  with  cholesterol  replaced  by 
dioleoylphosphatidylethanolamine  (DOPE)  (weight  ratio  3:2;  molar  ratio  3:2).  The 
percentage  of  fusion  using  the  lipid  mixing  assay  was  determined  in  different  pH  buffers 
after  30  min. 

To  further  characterize  the  difference  of  fiision  events  caused  by  cholesterol  and 
DOPE,  liposomes  (135  nmol/ml)  with  an  equal  molar  ratio  of  cholesterol  or  DOPE  to  L- 
a-lecithin  were  incorporated  with  DIP  at  molar  ratio  0.4  (R=0.4).  The  percentage  of 
fusion  using  the  lipid  mixing  assay  was  determined  in  different  pH  buffer  solutions  after 
30  min. 

Statistical  Analysis 

Statistical  differences  between  the  treatments  were  determined  using  analysis  of 
variance  where  appropriate  (StatView  4.53,  Abacus  Concepts,  Inc.,  Berkeley,  CA)  with 
p<0.05  considered  statistically  significant  and  Fisher's  (PLSD)  post  hoc  t-test  was 
applied. 
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Results 


Time  Course  Fusion  Assay 

To  identify  possible  events  in  the  membrane  destabilization  sequence,  fusion 
assays  were  quantified  over  time  with  all  three  biodegradable  pH-sensitive  surfactants 
(BPS)-liposome  system  using  a  pH  5.0  buffer.  The  percentage  of  membrane  fusion 
determined  by  the  lipid  mixing  assay  demonstrated  a  rapid  initial  event  followed  by  a 
plateau  (Figure  6-1).  On  the  other  hand,  for  the  aqueous  mixing  assay,  the  percentage  of 
fiision  increased  slightly  in  the  early  period  and  continued  over  the  entire  test  time  course 
(Figure  6-1).  For  both  assays,  membrane  fusion  was  significantly  different  (p<0.001) 
among  all  the  molar  ratio  groups  in  each  BPS  over  time.  No  significant  difference  in 
fusion  among  the  three  agents  was  observed. 

Biodegradable  pH-Sensitive  Surfactants-Induced  Membrane  Fusion 

To  investigate  the  fusogenic  properties  elicited  by  inclusion  of  biodegradable  pH- 
sensitive  surfactants  (BPS)  on  membranes,  increasing  amounts  of  three  BPS  were 
incorporated  into  liposomes  followed  by  incubation  at  different  pHs  (Figure  6-2).  When 
fusion  was  determined  with  the  lipid  mixing  assay,  throughout  all  pHs  tested,  the 
percentage  of  fiision  with  the  control  liposomes  (R=0)  increased  slightly  as  the  pH 
decreased.  After  incorporating  BPS  into  the  liposomes,  the  percentages  of  fusion  were 
statistically  higher  at  all  observed  pHs.  As  the  molar  ratio  of  BPS  in  the  liposomes  was 
raised,  fusion  was  significantly  increased  (p<0.001)  fi-om  pH  6.0  to  pH  5.0  (Figure  6-2). 
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Figure  6-1:  Time  course  fusion  study  of  liposome  (75  nmol/ml)  containing  different 
biodegradable  pH-sensitive  surfactants  (BPS)  at  three  molar  ratios  (R=0  (♦),  R=0.2  (■), 
and  R=0.4  (A))  in  a  pH  5.0  buffer  solution.  For  the  lipid  mixing  assay,  NBD-PE  labeled 
liposomes  were  incubated  with  Rh-PE  labeled  liposomes  while  for  the  aqueous  mixing 
assay,  liposomes  containing  25  mM  ANTS  were  incubated  with  liposomes  containing  90 
mM  DPX  (n=3).  Data  were  expressed  as  mean+standard  deviation  (SD).  a)  Dodecyl  2- 
(I'-imidazolyl)  propionate  (DIP);  b)  Methyl  1-imidazolyl  laureate  (MIL);  c)  N-dodecyl 
imidazole  (DI). 
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Figure  6-1— continued 
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Figure  6-1— continued 


137 


Lipid  Mixing  Assay 


c 

3 


40 
35 
30 
25 

20  + 

15 

10 

5 

0 


6 
PH 


8 


Aqueous  Mixing  Assay 


c 
o 

"in 

3 


6 
pH 


8 


(a) 

Figure  6-2:  Fusion  study  of  liposomes  (75  nmol/ml)  with  various  biodegradable  pH- 
sensitive  surfactants  (BPS)  at  three  molar  ratios  (R=0  (♦),  R-0.2  (■),  and  R=0.4  (A))  in 
different  pHs.  For  the  lipid  mixing  assay,  NBD-PE  labeled  liposomes  were  incubated 
with  Rh-PE  labeled  ones  while  for  the  aqueous  mixing  assay,  liposomes  containing  25 
mM  ANTS  were  incubated  with  those  containing  90  mM  DPX  (n=3).  The  percentages  of 
fusion  (mean+SD)  were  determined  after  30  min.  a)  Dodecyl  2-(l  '-imidazolyl) 
propionate  (DIP);  b)  Methyl  1 -imidazolyl  laureate  (MIL);  c)  N-dodecyl  imidazole  (DI). 
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Figure  6-2~continued 
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All  three  BPS  exhibited  a  similar  fusion  profile  but  there  was  no  significant  difference 
between  the  fusion  events  among  the  three  agents. 

For  the  fluorescence  aqueous  mixing  method,  the  percentages  effusion  by  control 
liposomes  (R=0)  demonstrated  no  significant  difference  at  all  tested  pHs.  After  the 
addition  of  BPS,  the  percentages  of  fusion  increased  at  all  pHs.  As  the  molar  ratio  of 
BPS  was  raised,  fusion  increased  significantly  (p<0.001)  below  pH  6.0  (Figure  6-2). 
Comparable  to  the  lipid  mixing  assay,  these  three  BPS  exhibited  similar  fusion  profiles 
with  no  significant  difference  among  the  evaluated  BPS. 

Biodegradable  pH-Sensitive  Surfactants-Induced  Membrane  Rupture 

We  determined  the  ability  of  liposome  incorporated  un-ionized  biodegradable  pH- 
sensitive  surfactants  (BPS)  to  facilitate  the  release  of  entrapped  solutes  at  acidic  pHs. 
Liposomes  containing  calcein  were  prepared  with  increasing  amounts  of  BPS  and 
incubated  at  decreasing  pHs.  Minimal  calcein  release  was  observed  at  the  lower 
BPS/liposome  molar  ratio  group  (R=0.1),  but  at  the  R=0.4  group,  calcein  release 
increased  significantly  (p<0.001)  at  all  pHs  (Figure  6-3).  At  pH  5.0  and  6.0,  significant 
differences  (p<0.05)  in  the  percentage  of  released  calcein  was  observed  among  all  molar 
ratio  groups.  Comparing  these  three  BPS,  the  percentage  of  release  was  significant 
different  (p<0.01)  at  the  R=0.4  group  in  all  observed  pHs.  However,  no  significant 
difference  was  observed  at  the  other  two  ratio  groups  (R=0.1  and  R=0.2)  among  the  three 
BPS-liposomes. 
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Figure  6-3 :  Membrane  rupture  profile  with  the  incorporation  of  different  biodegradable 
pH-sensitive  surfactants  (BPS)  at  four  molar  ratios  (R=0  (♦),  R=0.1  (JC ),  R=0.2  (■),  and 
R=0.4  (A))  in  liposomes  (75  nmol/ml).  The  membrane  lysis  effects  in  different  pHs 
were  determined  by  calcein  release  (mean±SD)  after  30  min  (n=3).  a)  Dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP);  b)  Methyl  1-imidazolyl  laureate  (MIL);  c)  N-dodecyl 
imidazole  (DI). 
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Figure  6-3— continued 


(b) 


143 


Figure  6-3~continued 
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Effects  of  Liposome  Concentration  on  Membrane  Fusion  and  Rupture 

To  quantify  the  liposome  concentration  dependency  on  membrane  fusion  and 
rupture,  the  fusion  and  rupture  events  of  liposomes  at  three  concentrations  was  calculated. 
Measurements  were  made  with  liposomes  containing  biodegradable  pH-sensitive 
surfactants  (BPS)  at  two  molar  ratios  (R=0.2  and  R^O.4)  in  a  pH  5.0  buffer  solution.  Due 
to  the  sensitivity  of  the  assays,  different  liposome  concentrations  were  used  in  the  studies 
presented.  Significant  differences  of  membrane  fusion  (p<0.05)  were  observed  among 
the  three  liposome  concentrations  with  the  lipid  mixing  assay  in  both  ratio  groups  (Figure 
6-4a  and  Figure  6-5a).  The  liposome-liposome  fusion  was  concentration  dependent  on 
each  individual  BPS.  However,  no  significant  differences  in  released  calcein  were 
observed  among  the  three  liposome  concentrations  on  the  rupture  behavior  in  both  ratio 
groups  (Figure  6-4b  and  Figure  6-5b)  indicating  the  concentration  independency  of  BPS- 
liposome  lysis  profiles. 

Impact  of  Cholesterol  and  Dioleoylphosphatidylethanolamine  on  Membrane  Fusion 

For  L-a-lecithin  liposomes  without  any  additive,  the  percentages  of  fusion 
increased  significantly  (p<0.05)  as  the  pH  decreased  to  5.0  in  both  ratio  groups  (R=0.2 
and  R=0.4).  Greater  fusion  was  observed  at  the  higher  ratio  group  (R=0.4)  than  in  lower 
one  (R=0.2)  (Figure  6-6).  The  incorporation  of  40%  (weight)  cholesterol  into  the 
liposome  system  resulted  in  enhanced  fusion  in  both  ratio  groups.  However,  when 
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Figure  6-4:  Effect  of  liposome  concentration  on  membrane  fusion  and  lysis  events  in  a 
pH  5.0  buffer  solution  with  biodegradable  pH-sensitive  surfactants  (BPS),  dodecyl  2-{V- 
imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL),  and  N-dodecyl 
imidazole  (DI),  into  liposomes  at  a  molar  ratio  of  0.2  (R=0.2).  The  control  group  referred 
to  liposomes  without  BPS.  Data  were  expressed  as  mean+SD  (n=4).  a)  A  lipid  mixing 
assay  was  used  to  quantify  fusion  at  various  liposome  concentrations  (37.5  nmol/ml 
(horizontal  line  bar),  75  nmol/ml  (vertical  line  bar),  and  150  nmol/ml  (solid  bar)),  b)  A 
calcein  release  measurement  was  used  to  determine  the  liposome  lysis  behavior  at 
increasing  liposome  concentrations  (3  nmol/ml  (open  bar),  25  nmol/ml  (dotted  bar),  and 
75  nmol/ml  (vertical  line  bar). 
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Figure  6-5:  Effect  of  liposome  concentration  on  membrane  fusion  and  lysis  events  in  a 
pH  5.0  buffer  solution  with  three  biodegradable  pH-sensitive  surfactants  (BPS),  dodecyl 
2-(l'-imidazolyl)  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL),  andN-dodecyl 
imidazole  (DI),  into  liposomes  at  a  molar  ratio  of  0.4  (R=0.4).  The  control  group  referred 
to  liposomes  without  BPS.  Data  were  expressed  as  mean±SD  (n-4).  a)  A  lipid  mixing 
assay  was  used  to  quantify  fusion  at  various  liposome  concentrations  (37.5  nmol/ml 
(horizontal  line  bar),  75  nmol/ml  (vertical  line  bar),  and  150  nmol/ml  (solid  bar)),  b)  A 
calcein  release  measurement  was  used  to  determine  the  liposome  lysis  behavior  at 
increasing  liposome  concentrations  (3  nmol/ml  (open  bar),  25  nmol/ml  (dotted  bar),  and 
75  nmol/ml  (vertical  line  bar)). 
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Figure  6-5~continued 
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Figure  6-6:  Effect  of  cholesterol  and  dioleoylphosphatidylethanolamine  (DOPE)  on 
membrane  fusion  using  the  NBD-Rh  lipid  mixing  assay  (n=4).  Liposomes  (135  nmol/ml) 
containing  dodecyl  2-(l  '-imidazolyl)  propionate  (DIP)  at  various  molar  ratios  (R)  without 
any  co-lipid  (♦),  with  40%  (weight)  cholesterol  (■),  or  with  40%  (weight)  DOPE  (A) 
were  compared  in  different  pH  environments.  Data  are  expressed  as  meantSD.  a) 
R=0.2;  b)  R=0.4. 
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cholesterol  was  replaced  by  DOPE,  fusion  events  decreased  significantly  in  both  groups 
(p<0.001).  Significant  differences  of  fusion  (p<0.001)  were  observed  among  the  three 
separate  formulations  in  both  ratio  groups  when  the  pH  was  dropped  to  5.0. 

With  the  same  molar  ratio  to  a  neutral  lipid,  dioleoylphosphatidylethanolamine 
(DOPE)  and  cholesterol  contributed  distinctively  in  the  dodecyl  2-(r-imidazolyl) 
propionate  (DlP)-liposome  fusion  behavior  over  the  observed  pH  (Figure  6-7).  The 
incorporation  of  cholesterol  into  the  liposomes  resulted  in  additional  fusion  (p<0.01)  than 
the  liposomes  with  L-a-lecithin  only  as  pH  dropped  to  7.0  or  lower.  When  cholesterol 
was  replaced  by  DOPE,  fusion  decreased  significantly  (p<0.001)  as  pH  decreased  to  5.0. 
Fusion  affected  by  cholesterol  was  significantly  higher  than  that  affected  by  DOPE 
(p<0.001)  at  pH  5.0.  When  the  pH  was  raised  to  6.0  or  above,  fiision  influenced  by 
DOPE  was  significantly  higher  than  that  by  cholesterol  (p<0.001). 

Discussion 

Nucleic  acid  (e.g.,  plasmid  DNA  and  oligonucleotide)  therapy  is  a  promising 
approach  for  the  treatment  of  a  variety  of  disorders  (Sokol  &  Gewirtz,  1996).  Two 
dehvery  methods,  viral  and  non-viral,  are  being  studied  for  cellular  delivery  of  these 
nucleic  acid  agents.  The  non-viral  systems  (e.g.,  cationic  liposomes)  are  attractive  due  to 
the  ease  of  production,  the  ability  to  transfect  a  variety  of  cell  types,  and  the  lower  chance 
of  immune  reactions  (Lee  &  Huang,  1997).  While  non- viral  systems  are  currently 
somewhat  inefficient,  they  will  undoubtedly  improve  with  the  production  of  new  systems 
and  determination  of  rate-limiting  mechanisms  that  govern  non- viral  nucleic  delivery. 
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Figure  6-7:  Effect  of  equal  molar  ratio  of  cholesterol  and 

dioleoylphosphatidylethanolamine  (DOPE)  to  L-a-lecithin  on  membrane  fusion  using  the 
NBD-Rh  lipid  mixing  assay  (n=4).  Liposomes  (135  nmol/ml)  containing  dodecyl  2-(l  '- 
imidazolyl)  propionate  (DIP)  at  molar  ratio  0.4  (R=0.4)  without  any  co-lipid  (♦),  with 
cholesterol  (■),  and  with  DOPE  (A)  were  compared  in  different  pH  environments.  Data 
are  expressed  as  mean±SD. 
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Dodecyl  2-(r-imidazolyl)  propionate  (DIP),  the  prototypical  member  of  the 
biodegradable  pH-sensitive  surfactants  (BPS)  family,  has  been  shown  to  increase  the 
effectiveness  of  nucleic  acid  delivery  (Hughes  et  al,  1996;  Liang  &  Hughes,  1998). 
However,  it  is  unclear  how  BPS  destabilize  the  endosomal  membrane  and  elicit  the 
transfer  of  the  oligonucleotide  and  plasmid  DNA  or  if  this  is  its  main  mechanism  of 
action. 

Both  membrane  fusion  and  rupture  elicited  by  BPS  were  pH-  and  molar  ratio- 
dependent.  As  the  pH  became  acidic  or  BPS  intra-liposomal  amount  increased  (e.g, 
increasing  the  amount  of  ionized  BPS),  the  fusion  and  rupture  events  increased.  The 
extent  of  membrane  rupture  and  fusion  were  also  elevated  when  the  non-charged  BPS 
was  equal  to  a  molar  ratio  of  0.4.  This  effect  is  possibly  due  to  the  alternations  in  lipid 
packing  (New,  1990).  We  were  unable  to  form  BPS-liposomes  as  the  molar  ratio  of  BPS 
to  total  lipids  equaled  to  0.5  (R=0.5)  or  above. 

When  comparing  two  membrane  fusion  assays,  it  was  found  fusion  determined  by 
the  lipid  mixing  assay  was  consistently  (i.e.,  5-10%)  higher  than  those  by  the  aqueous 
content  mixing  assay.  This  discrepancy  was  attributed  to  the  sensitivity  of  lipid 
aggregation  for  the  lipid  mixing  assay.  When  membranes  aggregate,  the  fluorescence 
energy  from  one  liposome  group  can  also  transfer  to  the  other  group  (Duzgunes  et  al., 
1985;  Yeagle,  1993).  The  difference  in  these  two  assays  could  be  also  due  to  the 
hemifusion  stage  in  liposome-liposome  interaction.  At  this  stage,  lipids  from  the  external 
leaflets  will  mix  together  which  proceeds  liposomal  content  mixing.  Both  events  might 
then  lead  to  a  perceivable  percentage  of  fusion.  However,  with  the  membrane 
aggregation  or  at  the  hemifusion  stage,  no  aqueous  mixing  events  would  be  observed. 
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The  time  course  study  using  both  fusion  assays  supports  the  above  findings. 
Liposome  fusion  reached  a  plateau  in  the  early  period  with  the  lipid  mixing  assay.  With 
the  aqueous  mixing  assay,  however,  fusion  gradually  increased  during  the  entire  time 
period.  The  results  indicate  the  liposome  fiasion  process  caused  by  BPS  is  at  least 
composed  of  three  components,  initial  liposome  aggregation  followed  by  lipid  mixing 
and  aqueous  mixing. 

Membrane  fusion  is  not  only  dependent  on  the  pH  and  liposome  formulation,  but 
also  directly  proportional  to  the  probability  of  the  liposomes  to  associate  with  each  other 
(Ellens,  1984).  It  is  therefore  an  inter-membrane  interaction  and  liposome  concentration 
dependent.  If  the  calcein  release  is  the  result  of  leakage  during  the  observed  period 
caused  by  fusion,  it  should  be  concentration  dependent  (Ellens,  1984).  On  the  other  hand, 
if  membrane  rupture,  an  intra-membrane  effect,  is  responsible  for  the  majority  of  the 
calcein  release,  it  should  be  independent  from  the  liposome  concentration.  The  extent  of 
calcein  release  caused  by  BPS  depended  only  on  the  pH  and  liposome  formulation.  The 
above  results  indicated  that  both  rupture  and  fusion  are  responsible  for  the  BPS-induced 
membrane  defect. 

To  understand  BPS-induced  membrane  destabilization,  it  is  necessary  to 
comprehend  the  interactions  between  the  various  lipid  molecules.  A  simple  means  to 
explain  the  lipid  molecule  interaction  (e.g.  hexagonal  II  (Hn)  phase,  lipid  bilayer  phase, 
and  micellar  phase)  is  to  describe  the  packing  of  lipids  into  a  bilayer  by  considering  the 

shape  of  the  molecule.  This  can  be  represented  more  quantitatively  by  Pr=~r  ^  where  P^ 

is  the  packing  ratio,  A^  is  the  effective  cross-sectional  area  of  the  head  group,  and  A^  is 
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the  effective  cross-sectional  area  of  the  hydrocarbon  chain  region  (Yeagle,  1993).  When 
P  <1  (e.g.  phosphatidylethanolamine),  the  inverse  cone  shape  would  lead  to  an  inverse 
packing  (Hh  phase).  When  P^i^l  (e.g.  phosphatidylcholine),  the  cross-sectional  area  of  the 
head  group  is  similar  to  the  cross-sectional  area  of  the  hydrocarbon  chains.  The  resulting 
cylindrical  shape  would  lead  to  a  lipid  bilayer.  When  Pr>l  (e.g.  Triton  X-100),  cone 
shapes  would  lead  to  micelle  formation. 

To  support  the  above  conclusion  that  BPS  membrane  fusion  and  rupture  are  parts 
of  the  same  membrane  destabilization  continuum,  additional  studies  were  conducted  with 
alternative  liposome  formulations.  In  these  studies,  the  impact  of  cholesterol  and 
dioleoylphosphatidylethanolamine  (DOPE)  on  liposome  fusion  was  assayed.  Cholesterol 
is  known  to  increase  the  rigidity  of  the  liposome  structure  (New,  1990)  while  DOPE  can 
destabilize  the  liposome  structure  with  its  tendency  to  form  the  Hn  phase  (Siegel,  1986; 
Yeagle,  1994;  Yeagle,  1993).  When  cholesterol  was  present  in  a  lecithin  liposome,  the 
addition  of  BPS  resulted  in  increased  fusion  at  the  acidic  pH.  Cholesterol  has  also  been 
reported  to  promote  fiision  of  lipid  bilayers  in  other  studies  (Nussbaum  et  al,  1992;  Vogel 
et  al,  1992).  However,  when  cholesterol  was  replaced  by  DOPE,  the  liposome  fusion 
events  were  significantly  decreased  at  acidic  pHs. 

It  is  thought  that  this  alteration  in  membrane  fusion  is  simply  due  to  the  chemical 
structure  configurations  among  the  liposome  formulations.  Cholesterol  can  fill  in  the 
gaps  between  the  hydrocarbon  chains  of  adjacent  lipid  molecules,  which  will  result  in 
similar  ratios  of  head  group  to  tail  group  and  solidify  the  liposome.  The  ensuing  rigidity 
of  the  cholesterol-liposome  with  reduced  ability  to  accommodate  other  lipophilic 
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compounds  within  the  bilayer  can  then  facilitate  membrane  fusion  after  the  conversion  of 
the  protonated  BPS. 

When  DOPE  was  present  in  the  liposome  formula,  the  packing  ratio  of  BPS 
(Pj<l)  was  similar  to  the  Hn  phase  of  DOPE  (P  <1)  which  made  the  liposome  more 
fiisogenic  than  liposomes  without  DOPE  at  an  alkaline  pH.  This  effect  was  more  evident 
in  the  presence  of  extra  10%  (mol)  DOPE  in  the  liposomes.  As  the  pH  decreased,  the 
protonated  BPS  (P>1)  became  complementary  to  DOPE  (P  <1).  Instead  of  causing 
fusion,  the  liposomes  would  then  tend  to  remain  as  an  intact  bilayer  structure  as  the  pH 
decreased.  When  the  amount  of  BPS  was  20%  (mol)  more  than  that  of  DOPE  at  which 
BPS  outweighed  DOPE,  the  ftision  was  relatively  stable  in  the  pH  range  of  6-8  and 
increased  at  pH  5.0  (data  not  shown).  However,  as  expected,  the  increased  fiision  was 
less  than  the  liposomes  without  DOPE. 

Based  upon  the  generated  data  and  existing  literature  regarding  membrane  fusion 
and  rupture  mechanism,  we  proposed  a  BPS-induced  membrane  defect  mechanism 
(Figure  6-8).  It  is  suggested  that  at  an  alkaline  pH,  un-ionized  BPS  having  a  relatively 
small  head  group  as  compared  to  the  ionized  species  will  reside  within  the  lipid  bilayer  or 
inner  leaflet.  With  the  loose  lipid  packing  from  the  incorporation  of  un-ionized  BPS,  the 
swollen  mixed  bilayers  tend  to  be  less  stable,  leading  to  easier  fusion  and  leakage  (Figure 
6-2  and  Figure  6-3),  corresponding  to  the  increasing  amounts  of  BPS  packed  within  the 
bilayer.  As  the  amount  of  BPS  in  the  membrane  increases,  the  swollen  mixed  bilayer 
may  be  transformed  into  a  humpbacked  mixed  bilayer  at  which  BPS  will  reside  within 
regions  of  high  negative  curvature.  The  imidazole  head  group  which  is  more 
hydrophobic  than  lecithin's  head  group  would  require  less  dehydration  to  form  the  stalk, 
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Figure  6-8:  Proposed  mechanism  of  liposome  destabilization  elicited  by  biodegradable 
pH-sensitive  surfactants  (BPS).  At  an  alkaline  pH,  BPS  will  be  neutral  and  reside  within 
the  lipid  bilayer.  When  additional  BPS  are  incorporated  into  liposomes,  a  humpbacked 
mixed  bilayer  will  be  built  from  the  swollen  mixed  bilayer.  With  less  dehydration 
required  to  form  the  stalk,  the  humpbacked  mixed  bilayer  membrane  may  interact  with 
each  other  more  easily.  As  a  consequence  of  the  decreased  pH,  a  portion  of  BPS  will  be 
protonated  and  facilitate  the  formation  of  a  stalk  pore  at  which  the  fusion  process  will  be 
finished.  Without  interaction  with  other  mixed  bilayers,  the  humpbacked  mixed  bilayer 
will  be  transformed  into  a  mixed  bilayer  sheet  leading  to  rupture. 
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the  first  step  in  the  membrane  fusion  process,  thus  favoring  this  transition  and  resulting  in 
the  lipid  mixing  effects  (Figure  6-1  and  Figure  6-2).  When  a  portion  of  BPS  is 
protonated  (P  >1)  as  a  consequence  of  the  acidic  pH  present  in  the  system,  a  stalk  pore 
will  be  created  to  complete  the  fusion  process  resulting  the  content  mixing  effects  (Figure 
6-1  and  Figure  6-2).  Without  any  subsequent  interaction  between  other  humpbacked 
mixed  bilayers  (Figure  6-4  and  Figure  6-5),  the  protonated  BPS  may  transform  the 
humpbacked  mixed  bilayer  to  a  mixed  bilayer  sheet  (Lasch,  1995)  in  which  only  a 
rupture  event  will  be  observed  (Figure  6-3).  The  above  hypothetical  membrane  fusion 
description  is  only  one  of  the  reported  mechanisms  that  have  been  proposed  for 
membrane  fusion  (Yeagle,  1997).  Other  models  of  fusion  such  as  inverted  micelle 
intermediates  may  also  show  BPS  dependency  but  were  not  addressed  in  the  current 
study. 

BPS  may  induce  membrane  defects  leading  to  fusion  and  rupture  by  alternative 
routes  in  comparison  of  other  fiisogenic  compounds.  The  difference  in  events  is  partially 
attributed  to  BPS'  unique  chemical  features.  When  BPS  are  un-ionized  (pH  7.4),  it  can 
be  incorporated  into  the  liposome  hydrophobic  regions  but  once  ionization  occurs,  it  will 
behave  as  a  surfactant.  Traditionally,  commonly  studied  surfactants  (e.g.  sodium  dodecyl 
sulfate)  have  always  interacted  with  the  first  membrane  encountered;  in  most  cases  the 
outer  lipid  leaflet  of  a  bilayer.  When  surfactants  are  added  to  the  external  aqueous 
enviroimient  of  biological  membranes,  they  will  interact  with  the  membranes  leading  to 
mixed  micelles. 

A  recent  report  (Melikyan  et  al.,  1997)  indicated  the  inner  membrane  leaflet 
controlled  membrane  fusion  when  a  hemagglutinin-peptide  was  the  triggering  agent.    If 
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the  results  from  this  study  can  be  applied  to  our  model,  agents  which  alter  the  inner 
leaflet  may  then  increase  membrane  fusion.  Due  to  the  uncharged  lipophilic  nature  of 
BPS  at  pH  7.4,  it  was  hypothesized  that  BPS  would  distribute  to  the  inner  leaflet  similar 
to  other  compoimds  with  relative  small  head  groups  (Huang  et  al.,  1974;  Michaelson  et 
al.,  1973)  and  demonstrate  a  portion  of  its  activity  at  this  location.  In  the  current 
discussion  the  influence  of  the  transmembrane  pH  gradient  formed  by  the  incubating  the 
liposomes  at  acidic  pH  was  not  addressed.  Ongoing  studies  will  study  this  phenomenon 
which  may  result  in  redistribution  of  BPS  within  the  lipid  bilayer. 

In  the  preceding  discussion  we  have  considered  three  BPS  (dodecyl  2-(l  '- 
imidazolyl  propionate  (DIP),  methyl  1-imidazolyl  laureate  (MIL),  and  N-dodecyl 
imidazole  (DI))  as  one  category.  At  the  onset  of  the  experiments  a  greater  difference  was 
expected  between  the  individual  BPS  members  with  regard  to  fusion  and  rupture.  In 
previous  studies,  by  an  interfacial  tensiometer  the  critical  micelle  concentration  (CMC)  of 
three  BPS  in  an  ionized  state  were  determined  to  be  1.0  mM,  0.7  mM,  and  1.0  mM  for 
DIP,  MIL,  and  DI,  respectively,  in  a  pH  3.0  hydrochloric  acid  solution  (1  |liM).  It  was 
speculated  that  there  would  be  a  correlation  between  these  values  and  membrane 
destabilization. 

Furthermore,  with  the  various  chemistries  used  in  the  attachment  of  the  imidazole 
head  group  to  the  aliphatic  hydrocarbon  tail,  the  pKa  values  for  the  three  head  groups 
would  be  altered.  The  difference  in  pKa  was  expected  to  affect  the  pH  dependency  of 
BPS  membrane  destabilization.  This  effect  was  not  observed  when  incorporated  into  the 
liposome  bilayer  and  an  unexpected  result  was  obtained  when  BPS  were  added  to  the 
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external  environment  where  DI  lost  its  pH  dependency.  These  findings  indicate  that  the 
various  BPS  will  likely  have  different  partitioning  into  lipid  bilayers  but  may  demonstrate 
similar  intra-bilayer  movement.  The  only  statistical  difference  among  BPS  was  observed 
in  the  release  of  calcein.  In  these  experiments  DIP  was  noted  to  have  the  greatest  effect 
on  membrane  leakage.  It  is  unclear  why  DIP  increases  leakage  over  the  other  two  agents 
but  this  may  be  related  to  the  branched  methyl  group  near  the  head  group  whose  steric 
effect  may  facilitate  membrane  destabilization. 

Conclusion 

To  enhance  membrane  fusion,  negative  curvature  (packing  ratio  (Pr)<l) 
compounds  can  facihtate  the  formation  of  the  stalk  and  positive  curvature  (P  >1) 
compounds  are  preferred  for  the  formation  of  the  stalk  pore  to  complete  the  membrane 
fusion  process  (Chemomordik  et  al.,  1995).  The  chemical  structure  of  biodegradable  pH- 
sensitive  surfactants  (BPS)  allows  coexistence  of  both  un-ionized  (Pr<l)  and  ionized  BPS 
(P  >1)  species  during  the  fusion  process.  Instead  of  causing  membrane  fusion  with  the 
hexagonal  II  (H,i)  phase  similar  to  dioleoylphosphatidylethanolamine  (DOPE),  BPS 
seemed  to  be  able  to  participate  in  membrane  fusion  at  different  stages  (stalk  and  stalk 
pore).  The  above  results  imply  examples  of  how  BPS  can  induce  both  membrane  fusion 
and  rupture  in  pH  and  concentration  dependent  manner.  These  findings  suggested  important  | 

implications  in  the  development  of  BPS  mediated  oligonucleotide  delivery  system.  It  should  be 
noted,  however,  that  there  was  little  structure  activity  relationship  between  BPS  and  their 
membrane  destabilization  effects  in  the  study.  To  clarify  the  structure  activity 
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relationship  and  more  fully  understand  the  membrane  destabilization  effects  of  BPS, 
more  work  in  respect  to  diverse  head  groups,  linkers,  and  aliphatic  tails  is  required. 


CHAPTER  7 
CONCLUSION  AND  FUTURE  PROSPECT 


Conclusion 


An  ideal  oligonucleotide  should  be  stable  in  serum  before  exerting  its  therapeutic 
effect.  In  vitro/in  vivo  stability  of  oligonucleotides  must  therefore  be  considered. 
Chemical  modification  of  oligonucleotides  can  be  employed  to  increase  their  stability. 
However,  modified  oligonucleotides  should  still  be  able  to  form  a  stable  complex  with 
their  target  sequence.  An  alternative  to  enhance  the  stability  of  oligonucleotides  is  to  use 
a  delivery  system  that  can  resist  oligonucleotides  from  enzymatic  degradation. 

After  stabilizing  oligonucleotides  in  serum,  the  second  barrier,  cellular  uptake, 
must  be  overcome.  Free  oligonucleotides  that  can  be  internalized  into  cells  are  highly 
inefficient.  Only  a  small  portion  of  free  unmodified  ohgonucleotides  are  able  to  enter 
cells.  To  increase  cellular  uptake,  oligonucleotides  and/or  their  delivery  system  can  be 
frirther  modified  in  a  number  of  ways  (see  Chapter  2  for  more  details). 

Most  oligonucleotides  either  with  or  without  a  delivery  system  are  taken  into  cells 
through  endocytosis  and  eliminated  by  lysosomes,  the  later  endocytotic  stage.  Hence,  the 
endosomal  membrane  represents  the  third  rate  limiting  step.  To  increase  oligonucleotide 
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transfer  to  the  cytoplasm,  oligonucleotides  can  be  modified  to  bypass  endocytosis  and/or 
the  delivery  system  can  be  designed  to  deal  with  membrane  destabilization. 

By  increasing  oligonucleotide  transfer  at  each  step  during  the  delivery  process,  the 
amount  of  oligonucleotides  that  reach  the  cytoplasm  can  be  maximized.  Therefore, 
optimization  would  decrease  toxic  effects  associated  with  a  large  amount  of  the  system 
from  oligonucleotides  and/or  the  delivery  system. 

Biodegradable  pH-sensitive  surfactants  (BPS)  were  proposed  and  designed  to 
focus  on  disrupting  the  third  delivery  barrier  by  destabilizing  the  endosomal  membrane. 
Incorporating  BPS  into  liposomes  as  an  oligonucleotide  delivery  system  would  protect 
the  oligonucleotides  from  degradation  (first  delivery  barrier)  and  increase  oligonucleotide 
cellular  uptake  (second  delivery  barrier).  As  the  pH  decreased  during  endocytosis,  the 
hydrogen  ion  would  protonate  BPS  and  activate  the  membrane  destabilization  process  so 
that  the  endosomal  contents,  including  oligonucleotides,  would  be  released  (third  delivery 
barrier).  After  releasing  oligonucleotides  to  their  sites  of  action,  BPS  would  be  digested 
into  less  toxic  metabolites  by  the  existing  digestive  enzymes  in  the  cytoplasm.  The 
additional  cytotoxic  effects  from  the  delivery  system  would  thus  be  minimized. 

To  ftilfiU  these  requirements,  three  agents,  dodecyl  2-(r-imidazolyl)  propionate 
(DIP),  methyl  I'-imidazolyl  laureate  (MIL),  andN-dodecyl  imidazole  (DI),  loosely 
grouped  as  BPS  were  synthesized.  Critical  micelle  concentration  and  effective  release 
ratio  of  the  protonated  BPS  were  calculated  as  a  proof  of  surfactant  characteristics.  The 
question  of  whether  BPS  have  surface  activities  when  they  are  protonated  and  able  to 
induce  liposomal  content  release  was  identified  at  different  pHs.  When  incorporated  into 
liposomes,  BPS  released  calcein  in  a  pH-dependent  manner.  As  pH  decreased,  more 
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calcein,  index  of  liposomal  content,  was  freed  at  the  same  molar  ratio  of  BPS  to 
liposomes. 

Systems  to  evaluate  the  chemical  and  biological  stabilities  of  BPS  were 
estabhshed  and  used  for  testing  the  biodegradabihty  of  BPS.  Without  a  cleavable  linker 
between  its  head  and  tail  group,  DI  exhibited  no  sensitivity  to  the  esterase.  With  an  ester 
connector,  stable  metabolites,  and  no  chemical  hindrance,  MIL  showed  the  most 
biodegradabihty  among  these  three  BPS.  Cellular  toxicity  of  BPS  was  determined  and 
correlated  to  their  biodegradabihty.  As  reflected  from  the  biodegradabihty,  DI,  DIP,  and 
MIL  had  a  descending  order  of  cytotoxicity. 

In  vitro  biological  effects  of  BPS  when  incorporated  into  liposomes  were  studied 
to  investigate  their  impact  on  oligonucleotide  cellular  uptake.  Compared  to  liposomes 
without  BPS,  those  containing  BPS  did  not  increase  the  cellular  uptake  of 
oligonucleotides  (second  delivery  barrier).  Both  liposome  groups  exhibited  a  similar 
cellular  uptake  profile.  However,  BPS-liposomes  promoted  subcellular  redistribution  of 
oligonucleotides  after  they  were  endocytosed  into  cells  (third  delivery  barrier).  This 
suggests  the  disruption  of  endosomal  membranes  caused  by  BPS  and  followed  by  the 
release  of  ohgonucleotides  to  cytoplasms.  To  gain  insight  into  oligonucleotide  activity, 
the  degree  of  the  luciferase  enzyme  expressed  by  CV-1  cells  was  monitored  in  BPS- 
liposomes.  More  enzyme  activities  were  inhibited  when  BPS  were  a  part  of  liposomes 
compared  liposomes  without  BPS. 

The  mechanisms  involved  in  disturbing  endosomal  membranes  by  BPS  were 
finally  investigated  and  pictured  using  a  liposome-liposome  interaction  model.  It  is 
known  that  fusogenic  compounds  having  a  packing  ratio  (area  occupied  by  the  head 
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group  to  that  by  the  tail  group)  less  than  1  can  form  the  hexagonal  II  (Hy)  phase  to  start 
membrane  fusion  at  the  stalk  stage.  In  contrast,  surfactants  having  a  packing  ratio  larger 
than  1  can  form  the  mixed  micelle  phase  and  contribute  to  membrane  lusion  at  the  other 
stalk  pore  stage.  The  following  BPS-induced  membrane  defect  mechanisms  were 
proposed  based  upon  the  existing  literature  evidence  and  our  data,.  At  an  alkaline 
environment,  a  BPS  is  predominated  by  its  hydrocarbon  tail  group  over  its 
lysosomotropic  amine  head  group,  and  thus  has  a  packing  ratio  less  than  1 .  When  it  is 
protonated  at  an  acidic  environment,  the  hydrophilicity  of  the  agent  from  its  head  group 
increases  significantly,  thereby  reversing  the  packing  ratio  to  be  larger  than  1 .  BPS  are 
therefore  suggested  to  be  able  to  join  the  membrane  fusion  process  at  both  stages  (stalk 
and  stalk  pore).  It  was  proposed  that  when  BPS-liposomes  along  with  oligonucleotides 
were  internalized  into  cells  through  endocytosis,  BPS  would  behave  like  fusogenic 
compounds  and  initiate  membrane  fusion  at  pH  7.4.  As  pH  decreased  during  the 
endocytotic  process,  some  BPS  would  be  protonated  and  facihtate  the  fusion  process  like 
surfactants.  Oligonucleotides  would  therefore  be  released  from  endosomes  to  cytoplasms 
through  the  pore  that  BPS  induced,  bind  to  their  targets,  and  eventually  exert  their 
biological  effect. 

Future  Aims 

Establishment  of  a  Better  Biological  Evaluation  System 

Antisense  oligonucleotide  activity  caused  by  the  biodegradable  pH-sensitive 
surfactants  (BPS)-liposomes  resuhed  in  better  enzyme  inhibition  than  liposomes  without 
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BPS.  However,  both  the  sense  strand  of  the  ohgonucleotide  and  liposomes  alone 
restrained  a  certain  degree  of  luciferase  activity.  The  issue  of  specificity  must  therefore 
be  solved  before  BPS  are  fully  evaluated.  Several  interfering  factors  need  to  be 
considered  and  excluded.  When  analyzing  luciferase  activity,  the  amount  of  protein  was 
used  to  correct  the  total  number  of  cells  in  each  treatment.  However,  this  may  not  be  a 
good  index  of  the  total  number  of  cells.  Protein  debris  from  the  dead  cells  due  to  the 
toxic  effect  from  oligonucleotides  and/or  liposomes  can  mask  the  participated  live  cells. 

To  circumvent  this  drawback,  the  endogenous  enzymes  (e.g.,  lactate 
dehydrogenase)  that  are  not  inhibited  by  specific  oligonucleotides  represent  a  good 
candidate  to  rectify  the  total  number  of  live  cells.  Since  synthesized  oligonucleotides 
were  used  directly  without  purification,  this  might  also  decrease  their  specificity. 
Organic  simple  extraction  can  be  used  to  purify  oligonucleotides  and  possibly  increase 
their  specificity. 

As  the  possible  interferences  are  cleared,  endocytosis  inhibitors  such  as 
cytochalasin  B,  chloroquine,  NH4CI,  and  low  temperature  (4°C)  can  be  used  as  additional 
controls  to  strengthen  BPS  mediated  oligonucleotide  activity. 

Creation  of  a  Structure  Activity  Relationship 

None  of  the  properties  that  were  determined  in  the  previous  experiments  could 
correlate  with  the  structures  of  the  three  biodegradable  pH-sensitive  surfactants  (BPS). 
These  three  agents  were  used  to  corroborate  the  findings  in  our  current  studies.  In  order 
to  draw  any  conclusions  about  the  structure  activity  relationship,  more  BPS  in  terms  of 
lysosomotropic  amine  head  groups,  hydrocarbon  tail  groups,  and  cormecting  bridges  must 
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be  synthesized.  The  parameters  including  critical  micelle  concentration  (CMC),  effective 
release  ratio  (Re),  pH  sensitivity,  chemical  rate  constant,  biodegradability,  cytotoxicity, 
oligonucleotide  cellular  uptake,  oligonucleotide  biological  effect,  and  mechanism  of 
action  will  be  assessed.  Newly  synthesized  BPS  will  then  be  compared  to  address  their 
individual  impact  on  BPS  mediated  oligonucleotide  cellular  delivery.  Thereafter,  the 
biological  effect  of  ohgonucleotides  caused  by  BPS-liposomes  can  be  predicted  fi-om  the 
perspective  of  the  established  parameters. 
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